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Preface 
The Research Center Karlsruhe (FZK), the former Nuclear 
Research Center Karlsruhe (KfK), contributes to the European 
Fusion Programme in developing the key technologies 
needed to build the International Thermonuclear 
Experimental Reactor (ITER) and to design commercial fusion 
reactors. 
The historical basis of the present fusion activity are various 
nuclear technology projects and accelerator development. 
Whereas the nuclear projects gave the background for the 
present fusion related materials programme, blanket - fuel 
cycle- and safety activities, the earlier accelerator work gave 
origin to the present disciplines of superconductivity and rf-
heating. 
Technologies developed for the Next European Torus (NET) 
are made available to ITER. During the eleven years of 
existence of the FZK fusion project major test facilities have 
been built which constitute a considerable potential to test 
components and systemsrelevant for ITER in a technical scale. 
ln particular the ITER model coil test facility TOSKA, the in-
vessel-handling demonstration facility EDITH, the tritium 
laboratory TLK and the test arrangement for first wall 
components FIWATKAshall be named. 
One of the important technological missions of ITER will be 
the qualification of first wall and fuel cycle components, in 
particular the breeding blankets. Within a European 
Community wide cooperation FZK elaborates breeding 
blanket designs for a Demonstration Reactor (DEMO) and 
conducts the basic r+d to qualify these concepts for 
implementation as test sections in ITER. Associated to the 
blanket activities is a programme to develop and qualify 
structural materials with sufficient lifetimes and reasonable 
activation properties. The work conducted in this frame 
necessitates extensive reactor and accelerator irradiations 
and subsequent hot cell examinations. Reactor irradiations 
are performed out of site, whereas two cyclotrons combined 
as Dual Beam Facility provide a unique tool for Simulation of 
irradiation effects and for activation measurements. 
The safety related part of the fusion project contributes to 
the component studies (blankets, superconducting magnets) 
and investigates the risk of severe accidents of fusion 
installations in nuclear operation. 
The present yearly report of the FZK fusion project compiles 
the work under contract with the Commission of the 
European Community. References given on the responsible 
staff and on available reports may serve to provide the 
interested reader with more information on our programme. 
J.E. Vetter 
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Plasma Facing Components and Plasma Engi-
neering 
lntroduction: 
A limited, but highly ITER-relevant, number of tasks has been 
continued in the reporting period. They deal with a further 
qualification of First Wall protection materials both with re-
gard to strength (PPM 1) and tritium interaction (PPM 6}, the 
thermocyclic testing of mock-ups (POT 1) and the modelling 
of the impact of plasma disruptions on divertor materials 
(PPM 3). ln addition the data base for the design of ECRH win-
dows has been largely expanded (PPM 4). 
H.D. Röhrig 
--1--
PPM 1 Characterization of Graphitesand 
CfCs 
Bending strength measurements on CfC-materials were 
continued with a new batch of Sepcarb N112 provided by 
NET. Specimens were cut in two directions. The high-
temperature and room-temperature strength data are 
plotted in fig. 1. An increase of strength with temperature is 
obvious up to 1400°C. The strength data differ in both 
directions by a factor of about 2. 
,-., 
0 
0... 
~ 
200 
.._., 150 
SEPCARB N 11 2 
0 
0 o __ o--o 
---L) 0 
%~--2~o~o--~4o~o--'6~o~o--~ao~o--•t~oo~0,-1P2~o~o-,,i4omo1 
Fig. 1: 
temperoture (°C) 
Bending strength ofSEP N112 as a function of 
temperature 
II 
1 
Cyclic tests were performed in a cantilever bending 
arrangement with Ioad application by loudspeakers. Despite 
the large scatter of the data points in the Wöhler plot the 
following relation between the numbers of cycles to failure 
Nf and the bending stress o can be derived: 
-76 
Nf = Aa 
max 
with lgA= 145.04 for Omax in MPA. 
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Fig. 2: Cyclic fatigue data in a Wöhler plot 
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T. Fett 
H. Schneider 
The experimental determination of Thermophysical 
properties of CfC-composites is finished regarding the 
thermal diffusivity, thermal expansion and specific heat of 
Sepcarb N 112 Fig. 3 shows the thermal diffusivity a of N 112 
samples ta ken from different batches. 
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Fig. 3: Thermal diffusivity of Sepca rb N 112 x-x-y, z-z-Fiber 
orientation with respect obviously no heat flow 
There is a difference of about 10% between the results of 
different batches. Fig. 4 gives the thermal conductivity A. 
calculated from thermal diffusivity, density and specific heat. 
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Fig. 4: Thermal conductivity of Sepcarb N 112 
Also the determination of the thermal diffusivity of FMI-CfC-
composites has been finished for large samples. The 
investigation of a possible dependence ofthermal diffusivity 
on sample thickness will close the examination of 
thermophysical properties of CfC-composites. 
The work on the hot cell laserflash-equipment for routine 
measurements will be finished in the next weeks. Many 
constructive details for such measurements had to be 
undertaken in cooperation with HVT/HZ. 
G. Haase 
P. Mangai 
B. Schulz 
P. Severloh 
Ch. Zeisluft 
H. Ziegler 
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PPM 3 Numerical Simulation of Off-normal 
Plasma Materialinteraction 
During the thermal quench phase of a plasma disruption and 
du ring ELMs the divertor plates are hit by an intense plasma 
flow consisting of electrons and ions. ln ITER this flow has the 
following parameters particle energy around 10 keV, pulse 
du ration !arger than 100 IJS, energy density up to 150 MJ/m2 
for disruptions and up to 10 MJ/m2 for ELMs (1]. The high 
divertor heat Ioad results in sudden evaporation of a thin 
layer of divertor plate material which acts as vapor shield and 
protects the divertor from further excessive evaporation. 
Formation and effectiveness of the vapor shield and material 
erosion are calculated in one dimensional planar geometry 
with the radiation hydrodynamics code FOREV [2). The 
hydrodynamic motion is calculated along and across magnetic 
field lines. Heat conduction into the bulk target, erosion and 
melt front propagation into the target and beam energy 
deposition by ions and Maxwellian distributed electrons are 
modeled. Momentum deposition of the ion component of 
the incident plasma flow is taken into account. 
Multifrequency radiation transport is described by Planck and 
Rosseland opacities. For the multigroup emissivities LTE 
plasma, optically thin plasma and a realistic approach based 
on esca ping factors was used [3). 
The FOREV results for high Z materials with emissivities for 
LTE plasma are in satisfactory agreement with results from 
simulation experiments. Line radiation is unimportant and 
erosion remains small in comparison with melt layer evolution 
[4]. For the low Z materials beryllium and carbon emissivities 
with escaping factor correction have to be used to describe 
the observed temperature in the plasma edge [5). The 
multigroup approach is inappropriate for the radiative 
--4--
energy transfer. lt neither allows to appropriately calculate 
the transmission of hot photans from the plasma edge to the 
target through a cold dense plasma layer, nor it takes the 
interaction of these photons with the plasma ions into 
account. A self consistent method being presently under 
development has to be used for these cases. The erosion 
values for beryllium and carbon as given in [5) therefore are 
preliminary. 
Literature: 
[1) G. Janeschitz et al., 11th lnt. Conf. on Plasma Surface 
lnteractions in Contralied Fusion Devices, Mito, May 23 
-27,1994. 
[2] I. Landman et al., Proc. lnt. Conf. on Phenomena in 
lonized Gases, ICPIG-21, Sept. 21 - 24, 1993, Bochum, 
Vol,ll, p. 201. 
[3] 
[4) 
[5) 
B. Bazylev et al., 21. EPS Conf. on Contralied Fusion and 
Plasma Physics, Montpellier, June 27th- July 1st, 1994. 
H. Würzet al., 11th PSI Mito, May 23- 27, 1994. 
I. Landman, H. Würz, 18th SOFT 1994, Aug. 22- 26, 
1994, Karlsruhe. 
B. Goel 
W. Höbel 
H. Würz 
PPM 4 Ceramies for Heating and Current 
Drive Systems 
Subtask 3: Performance fo ECRH Windows und er NET/ITER 
Conditions 
The two major approaches for high power ECRH windows are 
based on cryo-windows (cryogenically-cooled Sapphire) and 
on conventionally-cooled alternative windows (special Silicon 
and Diamond grades). The dielectric property measurements 
at 145 GHz focused on these reference materials and persued 
to consolidate the design relevant data base. 
For the cryo-window approach, one of the major open 
problems is the radiation effect on the torus window. Efforts 
were continued to corroborate the previously proposed 
tolerable Ievei of neutron fluences of 1021 nfm2 ( E >0.1 
MeV). Therefore Sapphire specimens from the related 
"ambient temperature" irradiation at GKSS Geethacht 
(T;,,""320 K) were studied also in the extraordinary ray which 
is the complementary orientation to the 'ordinary ray' used in 
window design. Even though the overall dielectric lass for the 
extraordinary ray is lower by a factor of 2, again radiation-
induced changes only occurred in the specimen irradiated to 
1022 nfm2, but not at lower fluence Ieveis (Fig. 1). The absence 
of marked orientation effects gives further evidence of rather 
general darnage structures that are responsible for the 
degradation of dielectric lass in Sapphire. 
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Fig. 1: The influence of neutron-irradiation on the 
dielectric lass at 145 GHz in Sapphire 
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300 
The "cryogenic irradiation" was prepared at HFR Petten to 
settle the importance of the temperature effect at low 
temperatures on the relevant defects causing degradation of 
the dielectric and thermophysical properties. The specimen 
set, mainly consisting out of Sapphire (HEMEX and Union 
Carbide grades), were supplied to Petten where the 
irradiation facility was established for irradiation near 77 K. 
However, the test of the irradiation capsule made some 
revisions necessary. Therefore the envisaged date of the 
irradiation could not be kept in summer. At present, the 
irradiation is expected to start in October. 
Despite of the promising property profile of CVD Diamond 
with respect tothermal crack formation, the true potential of 
--5--
this alternative material had not been clear because of 
previously observed excessive dielectric lass Ieveis. 
Consequently dielectric lass measurements have so far been 
limited to grades in as-received conditions. Translucent 
grades could be obtained which showed significantly 
improved Iosses as compared to black grades (Fig. 2). ln the 
first translucent material, a strong temperature dependence 
above 250 K still gave evidence of free charge carrier 
absorption. When a related impurity could be kept out of the 
production process, a grade was received with lass Ieveis 
below 10-4. 
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Fig. 2: The dielectric lass at 145 GHz of various grades of 
CVD diamond. 
The investigations of special Silicon grades have been 
reintensified since it could been shown that the major 
problems of high resistivity Silicon, namely sensitivity to 
ionizing radiation and increased dielectric Iosses below room 
temperature, could be strongly reduced by structural defects 
produced by electron irradiations. ln cooperation with the 
Institute of Applied Physics /Nizhny Novgorod (RF), it was 
shown that reduced dielectric lass Ieveis could be achieved in 
the temperature range below 300 K by gold doping. 
Apparently free charge carriers can then be blocked with a 
similar efficency as with structural defects. By this method of 
materials optimization, specimens were obtained with the 
lowest lass Ieveis so farfound at 145 GHz (Fig. 3). 
ln addition, amorphaus and monocrystalline quartz grades 
were inspected for temperature and radiation effects on the 
permittivity in the context of their use in broadband windows 
in EC wave diagnostics. Much smaller temperature 
coefficients (by a factor of 10) than in Sapphire were found. 
Permittivity was not affected at neutron fluences up to 1022 
n/m2, which compares weil with Sapphire. 
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Fig. 3: The dielectric loss at 145 GHzofthebest presently 
measured reference materials for ECRH windows. 
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PPM 6 Erosion, H-Retention, Gas Interaction 
Subtask 2: H/T Retention Studies in Neutron lrradiated 
Graphites, CFCs and Doped C Composites 
Carbon-based materials as weil as beryllium are considered 
for protection of plasma facing components of fusion 
reactors. Previous experiments indicate a huge (factor 
hundred) increase of tritium trapping capacity in carbon· 
based materials induced by neutron darnage [1]. Acheck of 
these results and a better understanding of neutron 
irradiation effects on tritium retention in these materials is 
urgently required. 
A common NET/ECN/KfK program has been initiated [2,3]. 
lrradiated carbon-based materials (irradiated up to 3.5 dpa) 
and Be samples (irradiated up to 4X 1022 1/cm2 fast fluence) 
are available. An equipment capable of heating the samples 
to 13oo•c for loading with tritium (in a stagnant H2/T 2 
atmosphere) and for annealing the loaded tritium by purging 
with He+ 0.1% H2 has been installed. 
in contrast to previous studies [1]. where the tritium trapping 
in graphite was found to increases by a factor ten with 
increasing darnage from 0.01 to 0.1 dpa, in this work only a 
minor increase of several ten percent (ECN) or no increase 
(FZK, former KfK) was observed in this darnage range. 
Before studying tritium behavior ofthe irradiated Be samples, 
the tritium generated du ring irradiation by fastneutronswas 
annealed. Release kinetics was found to be remarkably 
influenced by the irradiation history: To release most of the 
tritium within several hours the high-fluence samples 
(:2:3X1022 1/cm2) had tobe heated to 85o•c, but the low-
fluence samples (O.BX 1011 Bq/q up to about 9oo•c. Huge 
amounts oftritium (2X1011 Bq/q forthe 3.9X10221fcm2) as 
compared to unirradiated samples. lt has tobe checked if the 
number of irradiation-induced trapping sites is decreased by 
annealing. 
•• 7--
Literature: 
[1] 
[2] 
R.A. Causey et al., Fusion Technology 19 (1991), 1585. 
H. Kwast et al., "The Effect of Neutron Irradiation on 
the Trapping of Tritium in Carbon-Based materials", 
ICFRM-6, Stresa, Sept.!Oct. 1993. 
[3] C.H. Wu et al., "Neutron lrraddiation Effects on the 
Properties of Carbon Materials", ICFRM-6, Stresa, 
Sept./Oct. 1993. 
T. Eberle 
M. Glugla 
J. Lebkücher 
M. Möschke 
K.H. Sirnon 
H. Werle 
PDT 1 First Wall Mock-up and Tests 
Subtask 4: Thermomechanical Tests on Specimens 
Proteeted by Mechanically Attached Carbon 
Based Tiles 
First wall/blanket concepts may utilize compliant layers be-
tween protection tiles and the structural material in areas of 
moderate heat fluxes. The compliant layer is to improve the 
thermal and electrical contacts between components where 
the bare rigid partners would be in point contact only; it also 
makes tiles amenable torepair by remote maintenance. 
The compliant layer needs to be flexible in order to provide 
thermal contact even if the components deform differently 
under heat Ioad. As a design basis the mechanical and ther-
mal properties of the compliant layer material and the re-
sulting heat transmittance must be known; of special interest 
is the question whether the heat transmittance changes un-
der cyclic heat Ioads. 
The problern was investigated experimentally for Papyex, a 
Iaminated graphite of Le Carbone Lorraine, as a compliant 
layer between CFC protection tiles and a NET first wall 
mockup(TS1). 
1. Compliant Layer Deformation Characteristics 
The Papyex material (see Fig.3 for data) was characterized by 
measuring the compressive stress/strain curve at three 
different temperatures with a universal material testing 
machine; saturation was reached after between two and 
roughly 30 Ioad cycles depending on stress amplitude and 
temperature. As a result the Young's modulus at Saturation 
was evaluated and is plotted in Fig.1. 
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lt is almost constant with stress and it slightly increases with 
temperature. Fig. 2 shows that out of the total compressive 
deformation the elastic portion, which is available for 
keeping the thermal contact at deformation of the 
components, is on the order of 100 to 200 IJm depending on 
stress and temperature; it also shows that the permanent 
portion strongly increases with temperature, indicating that 
the compliant layer shrinks when it is heated up under 
pressure. 
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Fig. 2: Deformation of the compliant layer 
2. Compliant Layer Transmittante 
The heat transmittance h' through the compliant layer 
consists of the three steps (a) contact heat transfer from the 
tile's backside to the layer, (b) heat conduction through the 
layer, and (c) contact heat transfer from the layer to the first 
wall. h' was determined experimentally by running heat-flux 
tests with a tile-protected specimen in the First Wall Test 
Facility Karlsruhe (FIWATKA) 1. 
2.1. Experimental setup 
Fig.3 shows how stripes of Papyex as a compliant layer were 
placed between square protection tiles and a water-cooled 
first wall mockup. The tile was pressed to the mock-up via a 
central attachment stud and with a conical nut of TZM. The 
stripes covered one half of the area of the tile and were 
located close to the underlying coolant channels; the contact 
pressure at mounting of the tile was set to 0.5 MPa and 
remained constant until t~e first heat-up. The tile was 
instrumented with TCs in locations as indicated. 
The specimen faced the high-temperature resistance heater 
of the FIWATKA facility and received a heat flux qz" of up to 
38 W/cm2 for the results reported in the following section; 
qz" was determined calorimetrically with the cooling water. 
Data were obtained from steady-state tests whereas 
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Papyex, special type, 5 mm thick, density 0.4 g/cm 3 
TZM 
SS 316L, FW mockup, water-cooled 
Fig. 3: Experimental setup showing the tile attachment and listing of the materials 
alternating thermal Ioads were generated by 4-minutes-
power-on and 4-minutes-power-off cycles. 
2.2. Results 
A typical temperature profile through the tile, the compliant 
layer, and into the mockup shown in Fig. 4 may be 
constructed with the known data of the two temperatures in 
the tile, the temperature of the water and its heat transfer 
coefficient at the channel surface, and the thermal 
cond uctivities ofthe steel and the tile material. 
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Fig. 4: Temperature profile through specimen 
The temperature drop across the compliant layer includes the 
two contact resistances; it is rather !arge and dominates the 
temperature Ievei at the tile; tagether with the locally 
increased heat flux it is the basis for calculating the heat 
transmittance h' across the compliant layer. 
Fig. 5 shows that the transmittance h' is on the order of 0.1 
W/cm2K and slightly increases with heat flux which is 
probably due to the conductivity of Papyex that increases 
with temperature. h' appears rather uniform since for eight 
different locations in the tiles very similar values were found. 
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Fig. 6 offers an answer to the question whether h' 
deteriorates as a result of thermal Ioad cycles: after 
increasing the Ioad to qz" =30 W/cm2 and running 125 cycles 
at this Ievei h' remained unchanged; also, increasing the Ioad 
to qz" = 38 W/cm2 and once more running 125 cycles did not 
change h'. The compliant layer transmittance seems 
unaffected by the Ioad cycles; the reason may be understood 
from the following paragraph since a decreasing contact 
pressure is the only mechanism suspicious of being able to 
reduce h ·. 
The contact pressure relaxes automatically in the course of 
each test as demonstrated in Fig. 7 which uses two curves out 
ofFig.2: 
The tile mounted at RT applies a pressure of 0.5 MPa to the 
layer and compresses it by 340 j.Jm. Heating up will (a) narrow 
the gap in which the layer lies by roughly 30 !Jm due to 
several thermal expansions participating, and (b) ask for 
application of the 800°C deformation curve with a !arger 
permanent portion; hereby the pressure is reduced to 
roughly 0.3 MPa. Later cool-down will reopen the gap to its 
initial size and Iet the Papyex expand elastically which again 
reduces the pressure according to the modulus, resulting in a 
final pressure at RT of ab out 0.23 Mpa. 
A similar remaining contact pressure of 0.15 MPa was 
measured after a test shown in Fig. 8; in spite of the heavy 
reduction in contact pressure the heat transmittance did not 
change, as the experimental data from the figure prove. 
3. Conclusions 
A compliant layer made from 5mm thick Papyex caused a 
relatively high temperature drop due to its poor thermal 
conductivity. But the contact behavior appears entirely 
unproblematic; if the initial contact pressure at mounting is 
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which reduces the contact pressure 
sufficiently high to cause nestling between the soft layer and 
its rigid partner surfaces, the pressure may change later to 
low values without influencing the heat transmittance. The 
compliant layer thickness may be reduced such that it pro-
vides just enough elastic deformability for the geometrical 
and heat Ioad conditions of a specific design. 
Literature: 
[1] G. Hofmann and E. Eggert, The First Wall Test Facility 
FIWATKA, KfK 5381 (1994) 
E. Diegeie 
E. Eggert 
G. Hofmann 
G. Rizzi 
C. Petersen 
B. Schinke 
G. Schweinfurther 
--11--
--12--
Superconducting Magnets 
lntroduction: 
The confinement of plasma in ITER relies on a super-
conducting magnet system consisting of 24 0-shaped toroidal 
field coils, a central solenoid to drive the plasma current and a 
set of poloidal field coils for plasma stabilization. KfK is 
together with the EC Home Team and other associated 
European laboratories involved in the development of these 
magnet systems. Components of ITER conductors, subsize 
conductor assernblies are examined for their performances. 
Materialstobe used in coil construction are qualified for their 
application under cycling Ioad. Cryogenic loops and 
components are developed to establish stable forced flow 
conditions to cool the magnets. An important task is now the 
upgrading ofthe magnet test facilityTOSKA forthe testing of 
the ITER TF model coil manufactured by industrial methods, 
which will be applied for the construction oftheITER plant. 
The safety of superconducting magnets is analyzed by 
computercodestill under development and by experimental 
studies of effects, potentially initiating a sequence of events 
leading to an accident. 
H. Knuth 
MCOI Model Coil 
Subtask 1: Monitaring Manufacture of the Toroidal Field 
(TF) Model Coil 
The aim of the subtask is the support of the home team in the 
fabrication oftheITER model coils. 
ln the beginning of 1994 according to the "Request for Task 
Proposal" of the JCT the elaboration of a toroidal field (TF) 
model coil specification was started by the EU Horne Team. 
The elaboration of the specification is the task of the EFET 
industry consortium in collaboration with the European 
superconducting magnet laboratories CEA Cadarache, KfK 
Karlsruhe and ENEA Frascati where CEA Cadarache is the 
responsible Iabaratory for guiding the model coil design. 
About 8 meetings were held till September to push the TF 
model coil specification. KfK Karlsruhe contributed to it by 
the model coil test programme, the hydraulic flow sheet 
design of the model coil cooling circuit, model coil high 
voltage testing, and model coil instrumentation (cooling 
circuit, quench detection). The TF model coil is a joint 
collaboration of European Union and the Russian Federation. 
ln two meetings in St. Petersburg the work distributions were 
discussed. Furthermodel coil work is described in Task MTOS-
1. 
Subtask 3: Basic Development for High Valtage Technique 
for Components used in the Model Coil and Test 
Facility (feedthroughs, insulation breaks, 
current Ieads, etc.) 
The a im of the subtasks is the transfer of the know how in the 
development of high voltage components gained in the Polo 
project totheITER model coils. 
The experience gained by partial discharge measurements of 
the Polo coil (see Task MTOS-1) indicates that this method 
shall also be used for assessing the electricial properties ofthe 
model coil. Work about a network diagram for calculation of 
the model coil reactance was started. 
M. lrmisch 
P. Komarek 
Ch. Sihler 
A. Ulbricht 
G.Zahn 
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MCON Fuii-Size 40 kA Conductor 
Subtask 3: 1, Characterization and FBI Upgrade 
The aim of the sub-task is the critical current characterization 
of Nb3Sn strands and subcables und er the effects of field and 
external strain in the high field test facility FBI. The task is 
funded in the 1989-91 program. lt is still continued caused by 
difficulties in the strand fabrication combined with delay in 
delivery. The final report of the subtask 3 was transmitted to 
the EU Horne Team. The subtask MCON 3 is concluded. 
1. Testing of ITER Subsize Conductors 
1.1 ENEA/LMI conductor 
The investigations of this CIC conductor has been started in 
1993 and finished in 1994. At three samples including the 
basic Nb3Sn strands lc vs B, lc vs 1:, o vs 1:, and the N values have 
been tested with the FBI facility. First results and a description 
of the conductor have been presented in [1] and all results are 
shown more in detail in [2] . Here the most important result, 
i.e. 1, as a function of static and cyclic strain, will be reported 
(ENEA-3, Fig. 1). 
First I, vs 1: was obtained by statically straining under stressed 
and unstressed conditions up to &=0.52% (run 1 1) and the 
residual value of &=0.06% (run 12), respectively. Then the 
sample was cycled 103 times between &=0.06% and (o=O) 
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Fig. 1: lc vs. 1: under static and cyclic straining of ENEA/LMI 
conductor 
and o=0.31% (o=230 MPa), and after that the static tests 
continued according to run 14 to run 22 (23). ln this final 
strain range around &m one observes a degradated lc curve 
resulting to c'm=10.0 kA in comparison to the expected 
lcm"" 10.6 kA obtained for the other uncycled samples, as 
indicated by the dashed curve (Fig. 1). Both &m and c1" seem 
tobe uneffected by cycling, which is valid also for the stress-
strain curve (not shown here). Comparable former cycling 
tests on CIC conductors did not show any influence onto the lc 
vs 1: cha racteristic. 
1.2 CEA/Dour Meta I subsize conductor with Ti jacket 
Most CIC conductors investigated up to date consist of a steel 
jacket which degradates lc drastically due to axial prestress 
onto the Nb3Sn filaments. This again results from the higher 
thermal contraction of steel (a= 1 6X 10-6/K) in comparison to 
that of Nb3Sn (a=7.6X 10-6/K) during cooling from reaction 
to LHe temperature. A closer matehing of a between jacket 
material and Nb3Sn would enhance lc considerably. Therefore 
CIC conductors consisting of an outer Titanium jacket 
(a= 5X 10-6/K) and an inner 36 Nb3Sn strand cable have been 
prepared by CEA/Dour Meta I and tested at KfK. 
ln Fig. 2 the normalized critical current, lcllcm• versus intrinsic 
strain, 1:0 (= e- tm), is shown for CIC samples with Ti jacket (C 
- Ti2) and for comparison with SS jacket (C - SSI) housing the 
same Nb3Sn cable as C- Ti2. (The other results shown in Fig. 2 
are not relevant in this context). Note, at e0 = -&m the 
degradation of the critical current l,0 11,m, amounts to 0.49 for 
the steel and only 0.94 for the Ti sample at B= 12.5 T. That 
means, without applied strain the Ti jacketed conductor 
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Fig. 2: Comparison of SS and Ti jacketed CIC conductor with 
respect to the strain effect on 1,. 
carries about a factor of two higher current [3]. One 
disadvantage of using Ti is the lower mechanical strength 
compared to steel. 
2. FBI Test Facility 
The 14 T split coils showed premature quenching after 
about one year operation. lt has been repaired by the 
supplier and is available now again. 
The big cryostat has been shipped to Messer Griesheim 
for repairing a leak between the Containments of LN 2 
and vacuum. 
The LHe transfer lines for both cryostats of the facility 
are successully in operation. 
The upgrading of the data acquisition is still in 
progress. 
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MTOS TOSKA Upgrade for Model Coil 
Testing 
--16·· 
Subtask 1: Preparation of TOSKA Facility for the test of the 
ITER TF Model Coil 
The aim of the task is the upgrading of the TOSKA facility for 
testing the ITER TF model coil. An intermediate step is the 
testing ofthe LCTcoil at 1.8 K upto 11 Tfield Ievei inthetask 
MBAC. Useful basic component developments and testing 
methods which can be transferred later on to ITER model coils 
are running in the Polo project (previous tasks M4, MB and 
MTOR). 
The "Task Agreement" for upgrading of the TOSKA facility 
for testing the ITER TF model coil was signed by the ITER Di-
rector and EU Horne Team Leader. 
The JCT (Joint Central Team) settled the configuration where 
the ITER·TF model coil is tested adjacentto EURATOM LCT coil 
and where the jointregionshall be in the straight section of 
the race track coil, the first priority. 
The first test phase of the Polo coil was successfully performed 
from March to May 1994. lt was concluded by a high valtage 
fast discharge of 22 kV from 14.5 kA resulting in a peak pow-
erof 320 MW. 
1. The TOSKA Facility for Testing the ITER TF Model Coil 
The JCT sent out the "Request for Task Proposals" fortheITER 
model coil end of 1993. ln preceding meetings the ITER Direc-
tor and the Horne Team Leaders agreed about the work shar-
ing between the parties for the model coil task. The central 
solenoid (CS) model coil will be designed and constructed by 
Japan and the United States while the toroidal field model 
coil will be the task of the European Union and the Russian 
Federation. Taking into account that the mechanical and elec-
tricalloading of the model coil can only reach in some param-
eters the 100% values of the loading of the full scale coil, the 
discussion between the ITER partners led to the creation of an 
alternate configuration in which the ITER shear key system is 
tested. Beside the existing parallel configuration (Fig. 1) a 
configuration in which the model coil is tested in the bore of 
the LCT coil (Fig. 2) was elaborated whereby the racetrack 
shaped model coil was assessed more suitably for both con-
figurations compared to the earlier proposed D-shape ver-
sion. Making the model suitable for both options a sophisti-
cated joint arrangement in the racetrack coil curved region is 
the consequence which is not representative for the full scale 
TF coils. Both coils shall meet the interface of the TOSKA fa-
cility. Only differently shaped superconducting busbars 
should be necessary to connect the coil with current Ieads. 
The interface document was adapted to both configurations. 
Contributions to the model coil"work were described in Task 
MCOI-1. 
The comparison of both test options led to the decision of 
the JCT that the parallel configuration having the joints in 
Fig. 1: The so called "Parallel configuration" where the 
ITER TF model coil is tested adiacent to the LCT coil. 
Fig. 2: The so called "Orthogonal configuration" where the 
ITER TF model coil is tested in the bore of the LCT 
coil for testing the ITER shear key system. 
racetrack coil straight sections is the reference configuration 
with the first priority. 
Status: The parallel operation of the 50 kA and 30 kA result-
ing in a 80 kA power supply were taken into operation and 
the control circuit was tested up to 8 kA with a resistive coil. A 
proposal of testing the 80 kApower supply tagether with the 
Polo coil up to 20 kA was prepared. An arc chute switch ca-
pable of breaking 80 kA up to 1.2 kV voltage was identified. 
The 80 t tranewas installed end 1993 in TOSKA. The tontrol 
cirtuit for synthronized operation with the 30 t tranewas tak-
en into operation. The trane passed the atteptante test of 
the German authorityTÜV. 
Experiments and fabritation investigations for solving the 
problern areas at the warm and cold end of the 80 kA current 
Iead are running. 
The cold lines between TOSKA and the 2 kW refrigerator 
were installed as far as possible in the present stage. Also the 
valve box was installed. Cold lines and valve box passed the 
acteptance test. The remaining installation work will be tom-
pleted after the Polo test. 
The measuring and control system as weil as the data atquisi-
tion will be exchanged after the Polo test. The status is al-
ready destribed in MBAC. 
2. The Test of the Polo Model Coil 
2.1 Test conditions and instrumentation 
The Polomodel toil was developed and constructed by KfK in 
tollaboration with industry and tested in TOSKA (Fig. 3). The 
goal was to demonstrate that a supertonducting poloidal 
field coil can withstand the typical tokamak field transients 
like fast ramp up, plasma control and disruption if those are 
Fig. 3: The Polo coil du ring installation in the TOSKA vacu-
um vessel. 
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taken into account in the coil design. These typical operation 
modes were simulated by a Special discharge circuit (Fig. 4). 
Field transients and mechanicalloading are generated by fast 
discharge modes (Fig. 5). 
Fast distharge at 23 kV, 15 kA corresponds to detreasing 
field changes of ~ 140 T/s. 
Fast half toil distharge while one toil half is shorted tor-
respond to increasing field thanges up to 588 T/s. 
Fast discharge in a SS-short circuit ring beneath the toil 
causes coil bending between supports (shear stress load-
ing). 
The toil is equipped with sensors at ground and high volt-
age Ievei. Later ones need a specially developed signal tondi-
tioning. A special compensation stheme was used for quenth 
detection and diagnostic (Fig. 6). A data acquisition system 
with three triggers for different sampling rates is netessary 
for getting sufficient information. The coil was tooled down 
at its operation temperature in one week and was kept 60 
days at this temperature Ievei. 
2.2 Test results [1) 
2.2.1 High voltage tests 
High voltage tests are an indispensible feature for assessing 
the insulation properties running during the experiment of 
the coi I, namely:. 
High voltage DC tests for measuring the insulation resis-
tante 
High voltage AC tests for partial distharge measurement 
in order to determine the opening of micro voids in the 
ground insulation material. 
High voltage pulse tests for testing turn to turn and pan-
take to pantake insulation as weil as transient voltage dis-
tribution. 
Partial discharge measurement showed significant differ-
entes between 293 K and 4 K (Fig. 6). Also at 4 K new effects 
were observed. Further investigations are needed for a ton-
cluding assessment. 
2.2.2 Characteristic magnet properties 
The turrent obtained without quenthing was 75% ofthe tur-
rent staled from the strand critical current (Fig. 8). The pan-
cake joint resistance was with 0.5 nn as expected. The current 
Iead jointwas 13 nn and about 3 times worse than obtained 
in the current Iead test. Quenth tests showed a slightly better 
stability margin for CuNi tape wrapped subcables than for 
glass/Kapton/glass wrapped subcables (Fig. 9). The coil was 
ramped 20 triangle pulses with 1600 A/s and 15 kA peak tur-
rent without quenthing. AC Iosses were covered by static 
Iosses ~ 23 W (estimation: 0.05 Hz, 8.6 W). The mechanical 
Fig. 4: 
iE+03 
! IE+02 
]_ 6 
s 
<l 
IE+OI 
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Polo coil switching circuit, signal conditioning and 
trigger group assignment 
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Ca lculated specific loss energy versus current relea-
sed in the Polo cable during the different dischar-
ge modes. 
properties and the measured diameter extension agreed 
within 10% with that calculated from a finite element model. 
Du ring a fast high voltage discharge (Fig. 1 0) the inner turn 
experienced 135 T/s decreasing field change without quench-
ing. This agrees with the estimation (Fig. 5). The generated 
Iosses are with 38 mJ/cm3 below the stability Iimit of 100 
mJ/cm3. 
Summary: The Polo coil is the largest model coil tested before 
the ITER model coils. High voltage technology was developed 
and applied for a sc-magnet at ITER magnet voltage Ievei. Ex-
pected specifications were reached as far as tested. No ramp 
rate limitations were observed up to now. Progress was ob-
tained in operation experience of the cryogenic and electric 
systems of TOSKA fortheITER model coil test. 
Literature: 
[1] H. Bayer et al., Test of the Polomodel coil- supercon-
ducting poloidal fielcd coil according to the specifica-
tions of the tokamak operation- in the KfK TOSKA fa-
cility, 18th SOFT, Karlsruhe, Aug. 22-26, 1994. 
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MBAC High FieldOperation of NbTi at 1.8 K 
Subtask 1: He II Forced Flow Cooling: 1.8 K Tests of EC LCT 
Coil plus Development of Circulation Pumps 
The 1.8 K cooling technique is indispensible, if technically 
applicable superconducting materials shall obtain their 
highest field Ieveis. Therefore the task was started with a 
programme part for the development of components 
included in such a cooling circuit and is continued with the 
operation of a large forced flow cooled fusion magnet, the 
Euratom LCT coil. The last experiment is an intermediate step 
in the sequence for upgrading the TOSKA facility fortheITER 
TF model coil test (Task MTOS). 
1. The 1.8 K Test of the Euratom LCT Coil 
The preparation of the TOSKA facility for the 1.8 K test of the 
Euratom LCT is in progress. The test has become more 
importa nt by the election of the model coil test configuration 
where the ITER TF model is tested adjacent to the LCT coil 
(TASK MTOS-1). For the 1.8 K test the design of the flow sheet 
for the cooling technique is concluded. The switching circuit 
for the safety discharge of the LCT coil is under construction. 
Bus-bars, switches and resistors are mounted. A call for tender 
for the control system of the switches is running and will be 
erdered in September 94. The extension of the cryogenic 
measuring and control system is ordered. The order of the 
visualisation system (software and hardware) and the design 
of the graphs is running. The configuration of the data base 
"ORACLE" is in progress. The new installed 80 t crane will 
ease the installation of the reinforced LCT coil with a weight 
of ab out 60 t. 
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Vacuum and Fuel Cycle 
lntroduction: 
Our contributions to the optimization of a pumping system 
for ITER, although largely hampered by the lingering of firm 
decisions of the ITER-Team on specifications for the ITER-
Vacuum System, have been considerable in form of work on 
several subtasks of TPV 2. Within subtasks 1 and 2 the pump-
ing speed of thin activated charcoal cryosorbent layers has 
been proven to be compliant with the low tritium inventory 
requirement. Various activities have been devoted to a quali-
fication of KfK for the development and prototype testing of 
a complete primary pump for ITER. Within a NET-Contract dif-
ferent cryopump concepts have been evaluated. On the basis 
of the most promising concept preparations have been 
untertaken within subtask 7 for the development and small 
scale testing of critical components using available cryostats, 
and for the necessary modification of one of these cryostats 
to house and supply the prototype cryopump for tests. 
Within subtask 5 the measurement of pumping characteristics 
for different combinations of mechanical forepumps has 
been continued. 
Concerning tritium processing the KfK-method based on per-
meation and catalytic cracking has received full attention by 
the ITER-Team. The experimental activities within TEP 2 are 
now concentrated on the demonstration of full tritium opera-
tion of the CAPRICE facility. Supporting activities are aimed at 
the long-term performance of permeators being key compo-
nents in the process. Another work (TEP 3) is devoted to the 
investigation of the long-term behaviour of novel tritium 
storage getter materials. An important aspect in all of the 
mentioned tritium-related activities is the availability of the 
Tritium Laboratory Karlsruhe that has officially gone into Op-
eration atthe end of 1993. 
H.D. Röhrig 
TPV 2 Optimization of Cryogenic Vacuum 
Pumping of Plasma Exhaust 
Subtask 1: Sorbent Preselection, Cryopanel Development 
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The investigations into optimization of the Sorption 
properties ofthin layer cryopanels were continued. The aim is 
to develop cryopanels with a high pumping speed for plasma 
exhaust but with lowtritium inventory. 
Activated charcoal powders as weil as molecular sieve 
powders were tested with particle sizes in the range between 
5 and 160 IJrn. The following types of powders were included 
into the test matrix: 
Tab. 1: Sorptionmaterials for coating 
Sorption material Type Supplier 
activated charcoal 5963.1 Roth 
activated charcoal 114A Chemviron 
activated charcoal GFF30 Chemviron 
molecular sieve LindeTyp 5A Bayer AG 
molecular sieve Sodalith Bayer AG 
molecular sieve ZSM- 5 Bayer AG 
Each of the selected powders was fixed with the same 
spraying coating technique and the same type of cement, 
Thermoguß 2000, on d=50 mm aluminium specimen discs. 
The coated surface area on these specimen discs is 17.4 cm2. 
After the coating procedure layer thicknesses for the sorbent 
and cement together were measured in the range of 
<1001Jm. 
After the thermal cycling tests (77K/420K) at the TARZAN test 
facility the Sorption tests at the HELENE test facility were 
executed. 
For the specimen with the charcoal type GFF 30 supplied by 
Chemviron the best results in terms of the relative pumping 
speed (8.8 1/s) were achieved. With the two other types of 
charcoal powder (114 A from Chemviron and type 5963.1 
from Roth) lower results for the pumping speed were 
measured. 
The investigations with the three different molecular sieve 
powders show lower relative pumping speeds (-10·21/s) for 
this material group which do not fulfil the requirements. 
ln parallel to these activities a new coating facility was 
designed and constructed for the reproducible fabrication of 
large panels (Fig. 1). With this apparatus it is now possible to 
fabricate cryosorption panels having sorbent/bonding layers 
with a thickness in the range of 0.1 to 3.0 mm. The max. 
possible coating area is 900 mmX900 mm. 
Fig. 1: Coating facility for cryopanels 
Subtask 2: Cryopumping Tests 
1. Introduttion 
Cryosorption panels which consist of various material 
combinations (sorbent/bonding/substrate) for plasma 
exhaust cryopumping have been developed by KfK [1]. 
Pumping characteristic measurements have been carried out 
at the TITAN facility under simulated ITER operating condi-
tions for both compound pumping (three-stage cryopump) 
and co-pumping (two-stage cryopump) [1,2). Both cryopump 
configurations meet the ITER requirements, but the latter 
takes advantage of its comparatively high conductance for 
helium. 
Another ITER requirement is to minimise the tritium 
inventory in the cryopump. Therefore a novel coating 
technique has been developed at KfK. lt enables uniformthin 
and reproducible coating of sorbent powders on I arge panels. 
The sorption characteristics of thick- and thin-layer panels 
obtained with two exemplary panels in three-stage 
cryopumping will be discussed. 
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2. Experimental Procedure 
The tests were carried out at the TITANtest facility. The TITAN 
facility is a cryopump with axial gas flow. Figure 2 shows the 
cross-section of this system. The cryopump is installed in the 
upper part of a cylindrical receiver. The gas mixture to be 
pumped is metered into the lower part of the receiver which 
is designed in accordance with PNEUROP standards. 
ln the centre of the pump there is a LHe bath to which the 
adsorption panel is bolted. The LHe bath is enclosed by a 
cylindrical LHe shield. This shield is protected from direct 
incoming flow by a LHe chevron baffle. Between the LHe 
shield and the warm wall of the vessel there is another LN2 
shield which is also shielded from the incoming flow by a LN2 
chevron baffle. These baffles were installed for the three-
stage cryopumping tests. The LHe baffle was omitted for the 
two-stage crypumping tests. Both baffles have the same 
geometry. The transmission probability of a single baffle is 
calculated to be 20% [2] and measured to be 18% in the 
molecular flow range. 
The adsorption panels consist of three layers: Carrier 
material, bonding and sorbent. The best preselected combi-
nations of materials were used to make panels of 43 cm 
diameter for the pumping tests at the TITAN facility. The data 
of the two panels compared are shown in Table 2. 
The temperature of the panel and of the two baffles are 
monitared at two points each (the centre and the edge) by 
means of calibrated Fe/Rh resistance sensors. ln accordance 
with the PNEUROP standard, the gas pressures are monitored 
at the inlet dome by means of calibrated BARATRON 
capacitance diaphragm gauge and BAYARD-ALPERT hot 
cathode ionization gauge measuring equipment. The gas 
flows aremonitared by MKS mass flow meters. 
Prior to each panel test, the entire systemwas baked out to 
150°C for several hours and evacuated simultaneously to -10-
8 mbar by a turbomolecular pump. The LN 2 shield is filled with 
LN 2 at least one day before the experiment starts. To cool 
down the receiver to <80K the LHe shield and LHe bath were 
filled with LHe. The operating mode was employed by 
intermittent feeding of gas to be pumped at constant flow 
rate for a predetermined duration (typically 5 to 15 minutes), 
followed by an interruption for sufficienttime (15 minutes) to 
allow the system to reach equilibrium. Following the last 
feeding of gas, the LHe cold surface is heated to 90 K. Agas 
mixture corresponding to the exhaust gas of ITER was used. 
The composition of the gas mixture is 0.08 Ar, 0.08 C02, 
0.16 CO, 0.16 N2, 0.16 0 2, 1 H2, 1.12 CH 4, 3 He and 94.24 D2 in 
vol. %. 
3. Discussion of Results 
The pressure in the vacuum vessel is about 10-8 mbar before 
the tests. For a given dosing rate, the pressure first rises 
rapidly, then becomes almost constant as steady-state is 
reached. When the gas dosing is interrupted for sufficient 
time the equilibrium pressure is reached. The pumping speed 
.. ,, ... "'I I"" .... , +"" 
Fig. 2: TITAN cryopump 
Tab.2: Paneldata 
Panel 
no. 
12 
19 
Sorbent 
Activated charcoal 
CHEMVIRON SC II 
particles < 3mm 
Activated charcoal 
CHEMVIRON GFF 
30 powder: 
dvs=7 IJm 
Bonding 
lnorganic 
cement 
THERMOGUSS 
2000 
lnorganic 
cement 
THEERMOGUSS 
2000 
Preparation 
Sorbent and 
bonding 
coated by 
spraying; 
thickness 
<3mm 
Sorbent and 
bonding 
coated by 
spraying; 
thickness 
<1001Jm 
S is calculated from the relation S= Q/p where Q is the gas 
dosing rate adjusted by means of a mass flow controller and p 
is the gas pumping pressure measured inside the vacuum 
vessel, both measured atthe temperature of 293 K. 
Figure 3 shows the helium pumping speed and Figure 4 the 
helium equilibrium pressure for thick and thin sorbent layers 
as a function of gas Ioad related to the activated charcoal 
cryosurface at the temperature of about 5 K. 
Good agreement is observed up to the gas Ioad of 0.1 mbar 
l/cm2. The pumping speed of the thick sorbent layer first 
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Activared charcoal 
-<>Thick layer 
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Fig. 3: Helium pumping speed at 5 K. 
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decreases due to the increase of the gas Ioad. After reaching 
the minimum, the pumping speed increases up to a certain 
value because the gas flow is changing from molecular flow 
to the transition and continuum flow regions [3] and then 
decreases rapidly since the saturation of the cryosurface is 
reached. ln comparison to the thick sorbent layer, the 
\pumping speed of the thin sorbent layer falls continuously to 
saturation. The ultimate sorption capacity is defined as a 
specific amount of the adsorbed gas related to the 
cryosurface for which the pumping speed equals zero. For the 
thick sorbent layer it is 12 times higher than for the thin 
sorbent layer. The equlibrium pressure increases slightly at 
first, then more rapidly with growing of gas Ioad (see Fig. 4). 
According to the kinetic theory of gases and the addition 
theorem [3] for the transmission probability of baffles, the 
calculated sticking coefficient with a maximum helium 
pumping speed measured amounts to 56% for the molecular 
flow region for both thin and thick-layer panels. ln contrastto 
the tests with pure helium, where only adsorption on the 
activated charcoal cryosurface occurs, tests with the gas 
mixture Iead to both adsorption and condensation of gases 
since there are condensable and non-condensable gases in 
the mixture at a temperature of 5 K. 
For the gas mixture considered, the pumping speeds and 
equilibrium pressures as a function of gas Ioad are approx. 
identical for both panels (see Figs. 5 and 6). The equilibrium 
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pressure increases from 10-s to 10-6 mbar in the measured 
range of gas Ioad up to 10mbar llcm2. 
4. Conclusions 
Cryopumps for the torus pumping and fuel recycling system 
of ITER will be designed by using activated charcoal as 
sorbent bonded by inorganic cement. For thin- and thick-
layer panels coated by activated charcoal and operating at a 
temperature Ievei of 5 K the following conclusions can be 
summarized: 
o Maximum helium sticking coefficient measured was 
56%. 
• ldentical helium pumping behaviour was observed for 
thick and thin sorbent layers up to the gas Ioad of 0.1 
bar llcm2. 
e Nearly identical values were measured for gas mixture 
pumping speed and equilibrium pressure of thick and 
thin sorbent layers up to the gas Ioad of 10 mbarl/cm2. 
Subtask 5: Mechanical Pumps 
1. lntrod uction 
Upon completion of the tests specified in the test matrix 
harmonized with the ITER Horne Team according to which the 
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performance of oil free mechanical positive displacement 
scroll pumps, supplied by NORMETEX (1300 m3fh, 600 m3fh 
and 60 m3fh), and a bellows pump, supplied by METAL 
BELLOWS (6 m3fh), were tested in single and series operation, 
further tests of the pumping speeds were carried out with 
different trains of pumps in the FORTE (Forepumps Testing) 
test facility, i.e. NORMETEX 1300+ 60 m3fh at outlet pressures 
of 600 and 1200 mbar; NORMETEX 1300+60+METAL 
BELLOWS 6 m3/h at outlet pressures of 600 and 1200 mbar, 
and NORMETEX 600+ 60 m3/h at an outlet pressure of 
1200mbar. 
2. Tests with Two Series Connected Pumps 
2.1 NORMETEX 1300+60 Pumps 
ln these tests the maximum of pumping speeds is shifted 
towards higher suction pressures compared to earlier tests on 
series connected pumps (Figs. 7 and 8). Compared with the 
results of series operation of NORMETEX 1300+600, the 
pumping speed for Nz increases at the outlet pressure of 1200 
(600) by a factor of 1.05 (1.05). On the other hand, the 
pumping speed for H2 drops by a factor of 6.4 (1.27). The 
ultimate pressure for Nz deteriorates from 1.1 X 1 o-s to 
3X 10-3 (from 6X 10-6 to 2X 10-4) mbar, the ultimate pressure 
for Hz increases from 1.1 to 6X101 (from 1.1 X10-3 to 
9.9X10-Z) mbar. Consequently, also the compression ratios 
are clearly worse by orders of magnitude (Tables 3 and 4). 
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for various gases at 1200 mbar exhaust pressure 
The qualitative difference in Operation of these dual pump 
trains is reflected by the worse pumping behavior of the train 
tested here. 
2.2 NORMETEX 600 + 60 Pumps 
ln this train a pumping speed of 1381/s was measured which is 
worse by a factor of 1.9 than the pumping speed in the tests 
involving the series connected pumps described before, at 
1200 mbar outlet pressure for Nz, whereas it is practically 
unchanged for Hz (11 1/s) (Table 3). By contrast, the ultimate 
pressures are only slightly better for Nz (factor 2) and for Hz 
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Fig. 8: Pumping speed of NORMETEX-1300+60 pumptrain 
for various gases at 600 mbar exhaust pressure 
(5.45). Tests at 600 mbar outlet pressure have not been 
conducted for this pump train. 
Tab. 3: Pumping Data of pumptrains for various gases at 
1200 mbar exhaust pressure 
Pump traln• Max. pumplng apeed lll•l Ultlmate pre .. ure (mbarl Compresslon ratlo 
H2 02 N2 
"'' 
Ho H2 02 N2 M7 Ho H2 02 N2 M7 
NORMETEX 10 60 261 70 239 6x 4 3x 1,1 X 8x 2x 3x 4x ,09 
1300+60 E+1 E-3 E-3 E-2 E+1 E+2 E+6 E+6 
NORMETEX 11 84 136 90 146 1,1 X 3,2 X 1,6 X 1,9 )( 7x 1,1x 3,7 )( 8x 6,3 )( 
600+60 E+1 E-1 E-3 E-1 E-3 E+2 E+3 E+6 E+3 
NORMETEX 
1300+60+ 268 267 261 266 262 6x 1,6 X 6 X 5x 1,6x 2x 7,6 X 2,4 )( 2,4 )( 
MET Al E-6 E-6 E-6 E-6 E-6 E+8 E+7 E+8 E+8 
BEllOWS 6 
Tab. 4: Pumping Data of pumptrains for various gases at 
600 mbar exhaust pressure 
Pump tralns Max. pumplng spaed IU•I Ultlmate pressura {mba.r) eompr.,.ton r•tio 
H2 02 N2 M7 Ho H2 02 N2 M7 
"' 
H2 02 N2 M7 
NORMETEX 212 258 261 260 271 9,9)( 3,5x 
" 
1,1)( 
" 
6,1 )( 1,7)( 3X 5,5)( 
1300+60 E-2 ,_, E-4 ,_, E-4 E+3 E+5 E+6 E+5 
NORMETEX 
1300+60+ 262 260 249 266 271 2,5x 
" " 
2< 2< 2,4)( 1,5)( 2< 
" MET AL E-6 E-6 E-6 
·-· ·-· 
E+8 E+O E+O E+8 
BEUOW$6 
3. Tests with three Series Connected Pumps 
"' 1,5 X 
E+4 
1,7 )( 
E+6 
1,9 )( 
E+6 
Ho 
" E+6 
" E+O 
Extension of the pump train described in Sec. 2.1 by the third 
pump (NORMETEX 1300+60+METAL BELLOWS-6) brings up 
at a outlet pressure of 1200 (600) mbar the pumping speed 
for Hz to 258 (262) 1/s whereas for Nz a decrease is measured 
by 10 (13) 1/s (Tables 3 and 4). The maximum of pumping 
speed is attained at 1.2 (1.5) mbar for Hz and at 4.2 (2.8) mbar 
for Nz. H2 is pumped better than Nz in this pump train (Figs. 9 
and 10). Moreover, a clear improvement of the ultimate 
pressure up to 6X10-6 (2.5X10-6) mbar at 1200 (600) mbar 
outlet pressure can be measured for Hz which results m .:. 
compression rate of 2X 108 (2.4X 108) mbar. 
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BELLOWS-6 pump train for various gases at 
'ii' 
" ~ 
'0 
l 
.. 
"' 
-i 
E 
" 0.. 
1000 
100 
10 
0,1 
1200 mbar exhaust pressure 
',---,-------,------,-----,-----,------,---,--~- -- ____ , 
..................... 
,' 
' H2 
"02 
t----+---+----+---+----+---+----J----J • N2 
•MT 
t-----+---+----+---+----+---+----+---l • Ho 
0,01 -·-·-+---o-+---+----+---+---+---+---+----1 
0,000001 0,00001 0,0001 0,001 0,01 o.1 10 100 1000 
lnlet pressure [mbar] 
Fig. 10: Pumping speed of NORMETEX-1300+ 60+ MET AL 
BELLOWS-6 pump train for various gases at 
1200 mbar exhaust pressure 
4. Summary 
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lt has been demonstrated in these tests that also at an 
elevated outlet pressure of 1200 mbar light gases, e.g. H2, 0 2 
and the M7 gas mixture, can be pumped better than nitrogen 
using the pump train NORMETEX 1300+60+METAL 
BELLOWS-6 in the range of suction pressures < 10 mbar. 
However, compared to the pump trains NORMETEX 
1300+600+60 and NORMETEX 1300+600+60+METAL 
BELLOWS-6 tested earlier, the maxima of pumping speeds are 
not exactly attained for the individual gases. At 1200 mbar 
outlet pressure they are lower by 4.6 and 6.6%, respectively, 
for H2, by 6.6%, for 0 2, and by 4.3 and 5.5%, respectively, for 
the M7 gas mixture than the values previously measured. At 
1200 mbar outlet pressurehydrogen is pumped much better 
in the range of suction pressures 10-1 to 10-4 mbar using the 
three pump trains tested here than with the pump train 
consisting of three NORMETEX compressors. By contrast, at 
600 mbar outlet pressure no difference in performance can be 
observed. 
Subtask 7: Primary pump development, prototype tests 
1. lntroduction 
The general objective of this subtask is the development of 
components for prototype pumps and valves tobe used in the 
ITER torus pumping and recycling system and testing of 
prototypes. The activities at KfK are split into two parts: 
development of components (sma II sca le testi ng) 
testing of prototypes. 
The tests are planed tobe performed at the two existing test 
facilities of KfK: TITAN and HELITEX. The work programme 
consists of the following tasks: 
Proof-of-principle tests for rapid heating/cooling 
methods of cryopanels. 
Performanceevaluation of fuel Separation from impuri-
ties and helium ash. 
Endurance cycling tests of cryopanels. 
Testing of drives for valves. 
Testing of prototypes of pumps and valves. 
2. Development of rapid heating and cooling technology 
The proof-of-principle tests for rapid heating/cooling 
methods of cryopanels are the neict to be carried out. The 
objective is to develop heating and cooling methods for rapid 
regeneration which should result in minimization of tritium 
inventory inside the pumping system of ITER. 
At the TITANtest facility panels segments in the typicaiiTER-
configuration will be used. Various surface and bulk heating 
methods will be investigated. At the HELlTEX test facility 
cryopanels will be tested in an ITER representative height 
(-1500 mm) and width (-300 mm). Cooling of panels is 
provided by supercriticel helium as coolant. 
3. Test facilities 
For the experimental investigations the TITAN and HELlTEX 
test facilities will be used. 
The TITAN facility (Fig. 2) was designed for tests of plane 
circular cryosorption panels with a maximum diameter of 
430 mm under simulated tokamak operating conditions [4]. 
The cryopump is mounted in a vertical cylindrical vacuum ves-
sel with a diameter of -700 mm and a height of -2200 mm. 
lts total volume is -700 I and the max. operating overpressure 
amounts to 10 bar. The testpanelwill be installed in a cavity 
(diameter 580, height 820 mm) shielded by a cylindrical 
annular LN 2 pool with a max. LN 2 volume of 40 I. The lower 
part of the cavity is shielded by a 106° chevron baffle 
(opening diameter 527 mm, thickness 50 mm, sheet thickness 
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3 mm) made of copper and blackened by a 113 VALVET 
coating. The baffle is fastened to the annular LN 2 pool. 
The gases are metered into the lower part of the vacuum 
vessel via a tubeND 70.3 mm. This part of the vacuum vessel is 
designed as a measuring dome with a view to meet the 
requirements of the PNEUROP Standards. 
The HELlTEX experimental facility is a high performance 
facility (up to 600 W/4.4 K) with the coolant supply from a 
Linde "300 W"-refrigerator. lt consists essentially of an 850 I 
LHe control cryostat which is supplied from the refrigerator 
and in which the cooling conditions of the test circuit can be 
set and controlled and of the test cryostat accommodating 
the object tobe tested. The max. possible useful space within 
the test cryostat is approx. 2 m in diameter and height. 8oth 
cryostats are connected via superinsulated transfer lines. 
Supercritical helium for forced flow cooling can be circulated 
either by use of part of the JT flow of the Linde refrigerator 
or using cold helium pumps within a closed secondary circuit. 
ln this case the control cryostat takes over the function of 
thermal coupling between the secondary cooling circuit and 
the prima ry circuit. 
Both helium pumps, a one cylinder piston pump and a one-
stage centrifugal pump, are operating while being immersed 
into the LHe bath of the control cryostat. The piston pump 
had been developed by KfK under a technology project. The 
centrifugal pump was developed at the "Walter-Meissner-
lnstitut für Tieftemperaturforschung", Garching, and was 
modified to fit the applications involving integration in 
closed ci rcu its. 
The main advantages of supercritical helium forced flow 
cooling are: 
Avoidance of a two phase mixture which gives much 
more flexibility in piping and Iayout. 
Flexibility of Operation which means that the operation 
pressure and the mass flow within the circuit can be 
conveniently set to optimum cooling and stability 
conditions. 
These advantages are of special importance for the test and 
operation modes required for the cryopump prototypes. Due 
to the different cryopump operation modes at 5 K, 20 K and 
80 K big changes in the density of the supercritical helium 
have to be expected and cooling instability has to be 
prevented or at least minimized even under regeneration 
mode conditions. 
Recent investigations on stability of super critical helium 
forced flow cooling within HELlTEXtest facility have shown 
that it is advantageaus to circulate helium using a pump with 
r------------------------------:------------:--~--------------------------------------------------.[:~1? 
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Fig. 11: Flow scheme of HELlTEX facility 
a steep Llp-m delivery characteristic [5]. This prevents heavy 
reduction of mass flow in case of disturbing heat Ioads 
(regeneration heat) and gives better overall flow stabilization 
within the cooling circuit. 
The HELlTEX facility is established with a control room which 
houses: 
The control desk for setting up and monitoring the 
operation conditions within the test loops and 
cryostats a nd 
the data acquisition and logging system with in 
maximum 128 measurement channels for pressure, 
temperature, mass flow, LHe Ievei, pump speed, heat 
Ioad control. 
The HELlTEX test facility is integrated within the KfKIITP 
helium supply and recovery system. lt is connected with the 
Linde He I/He II refrigerator via the 1.8 K transfer line and can 
be operated at 4.4 K. 
4. Safety studies on hydrogen explosion 
The HELlTEXtest facility has tobe modified for safe operation 
with hydrogen. 
For this reason, a study was performed on possible failures 
caused by a hydrogen-oxygen reaction. Part of the study dealt 
with failure due to the reaction between the leaking 
hydrogen condensed on the cooling lines of the test cryostat 
(Fig. 11) and the incoming air. 
4.1 Explosion in the test cryostat 
To avoid an explosion due to condensed hydrogen in the test 
cryostat (Fig. 12), i.e. to prevent the cryostat design pressure 
from being exceeded in case of occurrence, the Iimit pressure 
has to be determined. lf the Iimit pressure is exceeded, all 
Fig. 12: HELlTEXtest cryostat 
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ignition sources installed in the test cryostat such as heaters 
and pressure transducers have tobe switched off. 
The explosion investigations have been carried out by the 
Fraunhofer-lnstitut für Chemische Technologie, Pfinztal. ' 
Using the relationship 
p = p ·Es 
0 
the explosion pressure can be calculated from specific energy 
and make-up gas density. As the gas composition is unknown 
at first, expansion of the above formula to the gas mole 
number n of the mixture has tobe performed. 
Hence, 
(0,002016 · n + 4,76) · p 
0 
(n + 4,76) · R · T 
0 
ln the lower range of the mole number, energy can be 
approximated by 
suchthat 
5 5 
E =5,5·10 ·n+1,0·10 
s 
p (0,002016 · n + 4,76) 5 5 
-------·(5,5·10 ·n+1,0·10) 
p 
0 
(n + 4,76) · R · T 
0 
With p= 7 bar, p0 = 1 bar and the boiling temperature of the 
oxygen of T0 =94.3 K as the most critical value which has 
already been used previously, expansion of this relation 
results in the quadratic equation of 
2 
n +59, 1455 n -10,4286 = 0 
which Ieads to n=0.1758. This mole number, however, 
already is found to be below the lower ignition Iimit 
corresponding to n = 0.2. 
Analog calculation for deuterium yields 
2 
n +37,7900n-5,5904=0 
and n=0.1749<0.2. Consequently, the gas mole number of 
deuteriumalso is below the lower ignition Iimit. 
For p0 = 1 bar, hydrogen partial pressure at the lower ignition 
Iimit amounts to 
p = 0,04 · p = 40 mbar 
H 0 
2 
ln safety-related studies, 50% is frequently assumed tobe the 
Iimit value of the lower ignition Iimit. This means that the 
hydrogen partial pressure should not exceed the value of 
PH 2 = 20 mbar. 
For a reaction of this amount of hydrogen in the volume of 
V= 10 m3, an air partial pressure of PL =6.7 mbar (upper 
ignition Iimit) would be required. Hence, the Iimit pressure 
could be set, for instance, to Ptotal=30 mbar. 
This value is safe in two respects: As also air has to be 
considered as condensed at first, nitrogen will evaporate 
together with the hydrogen when heat is introduced. 
Nitrogen, however, renders the hydrogen-oxygen reaction 
inert, i.e. the reaction of 
0,38 H + 0 + 17,99 N 
2 2 2 
still would have to be regarded as safe. Here, the hydrogen 
partial pressurealso is PH 2=20 mbar, the minimum partial 
pressure of the oxygen/nitrogen mixture required for a 
reaction amounts to PL = 6.7 mbar. Hence, also in this case a 
Iimit pressure of Ptotal:530 mbar is obtained. 
lt is demonstrated by this calculation above that the hydro-
gen mole number of the mixture with air must not exceed 
nH2 = 0.175 to prevent the design pressure of the vessel from 
being exceeded in the case of occurrence. ln addition to the 
already mentioned nitrogen inertization, however, other 
criteria arealso of decisive importance for a hydrogen-oxygen 
reaction. These are the lower ignition Iimit, the upper 
ignition Iimit and the minimum oxygen content of the 
mixture. The permissible hydrogen mole number results in a 
hydrogen partial pressure of PH
2
=35.46 mbar. As a reaction 
equation, 
0, 175H + n 0 + n N 
2 1 2 2 2 
can be used, suchthat values of 
0,175 
------ = 0,75 
0,175 + n + n 
1 2 
and 
n 
1 
------ = 0,05 
0,175 + n + n 
1 2 
are obtained for the upper ignition Iimit and the minimum 
oxygen content, respectively. The solutions of these 
equations Iead to n1 =0.0117 and n2 =0.0466. lrrespective of 
the existing inventory, an oxygen partial pressure of 
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p02 = 50.15 must not be exceeded. Hence, PH2 + p02 = 85.6 
mbar could be considered the maximum value. lf here again a 
safety factor of 50% would be assumed, a Iimit pressure of 
p=45 mbar could be specified. When reaching this value, the 
plant will be switched off. 
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TEP 2 Permeation und Catalytic Cracking 
Subtask 1: Permeator Studies 
While palladium/silver permeators have withstood without 
problems years of operation in diverse tritium facilities, they 
have so far been mostly exposed discontinuously to hydrogen 
isotopes and tritium gas containing only small amounts of 
impurities. During plasma exhaust dean-up processing, 
however, permeators will be subjected to continuous 
operation in the presence of substantial amounts of 
impurities in a hard tritium environment. The slowly 
increasing helium concentration in the permeation 
membranes produced from tritium that quickly attains steady 
state concentration in the PdAg membranes during normal 
operation can have an aggravating effect. lt is therefore 
important to determine the life-time of permeators 
employing realistic test conditions. The experiment PETRA at 
the Tritium Laboratory Karlsruhe has been designed to 
investigate the performance of a "nudearized" commercial in 
the presence of tritium and representative type and 
concentration of fusion fuel cyde impurities permeator 
du ring uninterrupted operation. 
First long-term integral campaigns with the facility PETRA 
revealed the need for improvements. ln particular, it was 
observed that 
1) the thermocouples used to measure and control the 
temperature of the permeator were unappropriatly 
installed, 
2) the four sapphire windows of the two infrared cells 
were blind to infrared radiation on account of metallic 
film originating from aerosols produced during the 
welding of the cell bodies, 
3) the cooling of the instrumentation 
insufficient, 
4) several pressure sensors were defect, and 
rags was 
5) the number of glove ports was not enough to satisfy 
the needs of repair and maintenance. 
As part of the continuing commissioning tests of the PETRA 
facility empirical breakthrough curves were determined for 
the single gases hydrogen and deuterium as weil as for 
various helium/deuterium/hydrogen mixtures as a function of 
temperature and gas flow rate. Characteristic permeation 
data describing the effect of temperature are given in Fig. 1. 
The permeation data obtained experimentally has been 
compared with model calculations. On the basis of these 
empirical permeation curves a technique has been developed 
for the periodical and indirect control of the mechanical 
integrity of the permeator during long-term runs with 
tritium. 
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Fig. 1: Typkai empirical hydrogen permeation curves 
through the PETRA AgPd diffuser 
With the aim of optimizing the long duration experiments 
the permeation Iosses into the isolation vacua of the heated 
components were determined experimentally und er a variety 
of conditions. The results obtained compared weil with model 
calculations. 
All pumps and pump combinations were characterized with 
respect to achievable vacua and compression ratios using 
relevant gases and their mixtures. The achievable vacua 
determined with scroll pumps show a dramatic dependence 
from exhaust pressure and a significant dependence from the 
type of gas pumped (see Fig. 2). Meta I bellows pumps, on the 
contrary, produce vacua that are directly proportional to the 
exhaust pressure and show practically no dependence from 
the type of gas pumped (see Fig. 3). 
Since theinfrared analysis integrated into the loop is used to 
follow the integrity of the permeator and the possible 
occurance of radiochemical reactions in the gas phase, 
calibration data for the quantitative determination of pure 
methane, carbon monoxide and carbon dioxide as weil as of 
their mixtures in helium were obtained. 
Fig. 4 shows the effect of deuterium and helium on the 
infrared analysis of methane. On the basis of these 
calibrations a good quantitative determination of these gases 
is possible. The background/signal drift was found to be 
negligible. 
Within the frame of preliminary tests without tritium a 
permeator operated continuously for a period of about 6 
months at 3so•c in the presence of hydrogen/deuterium, 
helium and carbon oxides showed loss of integrity. 
Metallographieanalysis and scanning electron microscopy of 
the single Pd/Ag permeation tube that failed (long 
longitudinal rupture) revealed surface segregation at the 
grain boundary. Preliminary observations, however, indicate 
that the single tube failure was due to a manufacture defect 
rather than to a chemically induced process. From this event it 
is concluded that careful inspection of each permeation tube 
in permeators envisaged for tritium facilities is necessary. 
~ 
.c 
~ 
E 
::> 
::> 
(.) 
"' >
Q) 
:c 
"' c:: ~ 
-;;; 
102 
+ 
+ 
PETRA EXP.eriment 
Vacuum attainable with 
KP 001 (Normetex PV 12) 
pump at zero flow 
RV 007 open 
HV 046 closed 
+ Hz 
o 02 
• He 
10-2L_ ___ __L ____ _L__ __ ~--' 
0 500 1000 1500 
exhaust pressure [ mbar] 
Fig. 2: Performance ofthe Normetex PV-12 pump 
Numerous tests were carried out to investigate the 
interaction between TLK infrastructure systems and the 
PETRA experiment. They included simulation of tritium 
transfers into the mobile transfer station, tests with the safety 
system under simulation of temperature and pressure trips, 
function tests of the glove box, etc. The performance of the 
tritium retention system integrated into the glove boxes was 
demonstrated with molecular hydrogen and methane. The 
glove box cooling systemwas optimized under simulation of 
various heat Ioads. 
Provisionstostart the operation with tritium have practically 
been completed. First runs with tritium are anticipated for 
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Fig. 4: Effect of pressure with the inert diluents deuterium 
and helium on theinfrared absorption by methane 
December 1994 and a full scale long-term run at the 
beginning of next year. 
Some additional activities, complementary to the ones 
described above are given blow: 
After completion of a comparative study at C.E.A. between a 
commercial permeator from Comptoir Lyon Allemand, France 
and a permeator supplied by Rosemound, Germany, the 
former was shipped to Karlsruhe. Work on the 
"nuclearization" of this permeator is now under way. After 
adaption of the french permeator to the local requirements, 
the C.E.A. permeator will be tested under a tritium 
atmosphere in the presence of relevant impurities in the 
PETRA facility at the TLK. 
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Furthermore, two palladium/silver specimens were implanted 
at 300°C with 500 and 1000 ppm helium, respectively, 
employing the KfK dual beam machine. Cylindrical volumes in 
these specimens were implanted homogeneously at an 
implantation rate of 0.015 appm He/s. The irradiation spot 
obtained has a diameter of approx. 5 mm. The specimens 
were delivered to lspra in April 1994 for further 
cha racterization. 
U. Bernd 
E. Kirste 
R.-D. Penzhorn 
Subtask 2: Catalytic Cracking Process 
A catalytic fuel clean-up process for the recovery of tritium 
and deuterium from all fusion reactor exhaust streams has 
been developed at IRCh. The complete process has already 
been proven with relevant concentrations of tritium at 
Iabaratory scale. On the basis of the results obtained the 
technical facility CAPRICE (Catalytic Purification Experiment) 
was developed, and is now under operation at the Tritium 
Labaratory Karlsruhe (TLK) to demonstrate the process with 
up to 50% of tritium on a target throughput of 10 mole/h of 
DT and 1 mole/h of tritiated and non tritiated impurities. 
With respect to the current design concept adopted for ITER-
EDA, CAPRICE has nearly a 1:1 scale. 
Full scale experiments with hydrogen and deuterium have 
been completed to verify the design parameters of CAPRICE 
and to gain detailed knowledge on the performance of the 
different subsystems under a variety of experimental 
conditions. The first runs with ab out 500 Ci or 1% of tritium in 
deuterium are scheduled forthe end of 1994. 
Tests of the main palladium/silver permeator of CAPRICE, 
which is used to separate the impurities from the molecular 
hydrogen isotopes, have indicated that break-through of 
protium and deuterium is shifted to lower flow rates, when 
the feed gas contains moisture. in spite of this the nominal 
throughput of CAPRICE could still be attained. 
To improve the present concept the following routes are 
being researched: 
• modification of the existing facility to achieve a 
completely once-through operation instead of the 
present semi-batch process 
e reduction in the number of sensitive components, 
e.g. the turbo molecular pump 
• maximization of the overall decontamination factor, 
i.e. further reduction of memory effects caused by 
tritiated water. 
A new catalyst reactor (PERMCAT) has been developed for 
inclusion into the catalytic conversion/permeation based 
plasma exhaust clean-up process. The reactor directly 
combines a nicke! catalyst with permeation tubes and 
removes residual amounts of tritium from tritiated species by 
isotopic swamping with hydrogen at an operating 
temperature of about 400°C. 
Figure 5 shows the basic arrangement of the PERMCAT 
reactor. lt consists of a fingertype palladium/silver membrane 
diffuser used to separate the pure hydrogen isotope stream 
from the impurity flow. Hydrogen is fed into the reactor at 
the bottom of the finger via a capillary placed inside of the 
diffuser. The impurity side is filled with nicke! catalyst 
spheres. The catalyst employed was experimentally shown to 
be especially effective to promote the isotope exchange 
reactions between deuterium and methane. Because of the 
selected counter-current mode of operation the efficiency of 
the PERMCAT reactor is intensely high. 
The PERMCAT reactor should preferably be operated down-
stream of a "sacrificial" nicke! catalyst bed operated at about 
480°C. This strictly avoids coking of the isotope exchange 
catalyst in the PERMCAT reactor by methane cracking or by 
the disproportionation reaction of a carbon monoxide to 
carbon dioxide and carbon. 
Figure 5: Scheme ofthe PERMCAT 
A mathematical model was developed to simulate the 
performance of the above described PERMCAT reactor. 
Presently, modelling is carried out with high partial pressures 
of methane and molecular hydrogen isotopes to facilitate the 
experimental verification of the theoretical results with 
hydrogen and deuterium and deuterated methane. 
The mathematical model assumes an instantaneous isotope 
exchange between impurities and molecular hydrogen on the 
nickel catalyst and is based on plug flow conditions. Some 
typical results for a PERMCAT type reactor having an effective 
permeation area of 1610 cm2 (the same permeation area as of 
both CAPRICE permeators) are shown in Figs. 6, 7 and 8. The 
pressure at the impurity side was taken to be 100 kPa. The 
assumed flow rates at the impurity side are summarized in 
Table 1. 
Table 1: Parameters for PERMCAT reactor calculations 
Molecular hydrogen flow rate 0.003 mollh 
Molecular deuterium flow rate 0.223 mollh 
Molecular tritium flow rate 0.281 mollh 
Methane flow rate 0.230 mollh 
Chemically bonded tritium flow rate 0.255 mollh 
Total tritium flow rate 0.536 mollh 
Total impurity flow rate 4.2 mollh 
As expected, from the results in Figure 6 it is seen that the 
Figure 6: 
.,., ,._ 
ctia) 
Hyd'og3n fiON rate [mollh] 
Hycl'og:ln 
r:ressure 
[mt:a~ 
Trtium flow rate at the impurity outlet ofthe 
PERMCAT reactor 
tritium flow at the outlet of the impurity side decreases with 
increasing hydrogen feed flow rates at the pure isotope side. 
At first sight surprising, there is an Optimum hydrogen 
pressure at the pure hydrogen isotope side of about 100 
mbar. To understand this result it must be taken into account 
that high er hydrogen pressures Iead to a net permeation flux 
of hydrogen to the impurity side. The impurity gas stream 
becomes diluted, the driving force for tritium permeation is 
reduced and therefore the tritium flow rate at the outlet 
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increases. The tritium flow rate also increases at very low 
hydrogen pressures because a certain minimum partial 
pressure of hydrogen is necessary for the isotope excha nge 
reactions to occur. ln the above discussed case the optimum 
hydrogen pressure is ab out the same as the sum of the partia I 
pressures of hydrogen isotopes at the impurity side. 
Figure 7 indicates, that more than 97% of the tritium is 
0,25 0,03 
0,2 
0,025 
>< 
I: 0,02 §' 0 
~ 0,15 0 
.s 
" 0,015 ~ 0 I: <= 
8 0,1 E ~ $: 0,01 "I: .... 
"I: 
.... 
0,05 0,005 
Hydrogen flow [molhl] 
Figure 7: Trtium flow rate atthe impurity outlet (upper 
curve, right scale) and tritium concentration at 
hydrogen isotope outlet (lower curve, left 
scale) ofthe PERMCAT reactor. 
removed from the impurity stream, while the tritium 
concentration in the stream to be sent to the ISS is of the 
order of 10%. For the given impurity flow rates and the 
considered permeation surface area an adequate hydrogen 
feed flow rate is about 5 mol/h. 
ln Figure 8 the tritium flow rate along the permeation tubes is 
0,6 
~ 0,4 
.s 
3: 
.g 0,3 
E 
::1 
~ 
~ 0,2 
0,1 
Figure 8: 
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50 
Trtium flow rates within the PERMCAT reactor 
plotted. Clearly, molecular tritium (lowest curve) is more 
easily removed than chemically bonded tritium. This 
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underlines the necessity of a sacrificial catalyst bed followed 
by the permeator atthe front end of the PERMCAT reactor. 
Physical Separation of tritium contaminated sections of the 
PERMCAT reactor from sections with little or almost no 
tritium Cantamination is important to mm1m1ze memory 
effects and hence to achieve a high degree of overall 
decontamination. 
An outline ofthe flow diagram of CAPER, the advanced once-
through catalytic exhaust clean-up process proposed for ITER-
EDA, is presented in Fig. 9. According to the current design of 
ITER, 90% of the hydrogen isotopes from the plasma exhaust 
stream are directly recycled into the torus. The remaining 
molecular hydrogen isotopes are separated from impurities 
by a diffuser having a permeation surface area of 0.22 m2. 
Downstream of the permeator a small buffer tank is placed to 
smooth the gas flow. The impurity processing loop is 
continuously fed; it comprises a nicke! catalyst and a 
permeator and is Operated at high circulation flow rates 
compared to the feed flow rate. 
A continuous bleed stream, which mainly contains helium, 
carbon oxides and some residual molecular as weil as 
chemically bonded tritium is processed through the PERMCAT 
reactor. Before the gas is finally sent to waste it is passed 
through another permeator that removes the remaining 
hydrogen isotopes. 
A once-through operation is of partiCLilar advantage to 
achieve high tritium availability and low tritium inventories. 
With proper process conduction high overall 
decontamination factors can be accomplished. ln addition, a 
turbo molecular pump is no Ionger required. The PERMCAT is 
presently being designed for the operation in a tritium 
environment and at technical scale. The upgrade version of 
the "classical" catalytical process concept has been 
designated CAPER; it gives due consideration to the 
requirements of ITER-EDA. 
M. Glugla 
K. Günther 
T.L. Le 
W. Leifeld 
R.-D. Penzhorn 
K.H. Sirnon 
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Figure 9: Flow sheet of CAPER, the advanced catalytic clean-up process for ITER-EDA 
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TEP 3 Tritium Storage and Transportation 
Severa I intermetallic compounds (IMC) that react with 
molecular hydrogen to yield hydrides with low dissociation 
pressure a room temperature have been suggested for the 
storage of tritium. Conceivably, some of these IMC's could 
also be used for the fast removal of gaseaus tritium from a 
facility du ring a pressure excursion. Prior to their application 
in tritium installations, however, they must be characterized 
with respect to a number of relevant properties. One such 
property is the gas/solid reaction rate. 
The kinetics of the sorption of molecular hydrogen by ZrCo, 
La Ni 4.7A1 0.3 , and Zr0.8Ti0.3Mn 1.9 was investigated and as a 
function of temperature at several constant pressures of 
hydrogen. For the experiments either a "conventional" 
technique and/or a reactor designed for measurements under 
near-isothermal reaction conditions, whereby the 
contribution from the exothermicity of the hydrogen/IMC 
reaction to the measured rate is minimized. Constant 
hydrogen pressures were achieved with a fast flow pressure 
regulator valve. 
The sorption rate of hydrogen by zirconium/cobalt at a 
hydrogen pressure of one bar and isothermal conditions was 
observed to be much faster than that under non-isothermal 
conditions. To determine the mechanism of the quasi-
isothermal reaction of H2 with ZrCo the experimental results 
were fitted to a number of weil known gas/solid rate laws. 
Depending upon the hydrogen pressure three regions were 
identified (see Fig. 1 ): a first region at pressures below 25 
mbar, a second region at pressures between 25 and 200mbar 
and a third one at pressures above 200 mbar. As illustrated in 
Fig. 2 at PH 2 >200 bar bar a dissociative hydrogen chemi-
sorption on the meta I surface is rate limiting and the bestfit is 
obtained with a mechanism of nucleation with two-
dimensional growth. As a result of the change in reaction 
mechanism the rate constant decreases by a factor of more 
than 1000 when the hydrogen pressure decreases from 1 to 
0.002 bar. At small initial hydrogen pressures an activation 
energy of approx. 13 kJ/mol was determined using 
experimentally obtained initial reaction rates with ZrCo. 
·ln R 
[ 
at. H 1 6 s:äliiiät. 
5 
• 3 ·2 ·1 0 1 2 
in P [bar] 
Fig. 2: Comparison between experimental kinetic data for 
the reaction of molecular hydrogen with ZrCo at 300 
Kat various constant pressures with result obtained 
by calculation using known gas/solid laws, i.e. 1) first 
order chemical reaction or contracting volume, 2) 
nucleation with two dimensional growth, 3) 
nucleation with three dimensional growth, 4) two 
dimensional diffusion and 5) three dimensional 
diffusion. 
A comparison between the isothermal hydrogen Sorption 
rates by ZrCo, Zr0.8Ti03Mn1.9 and La Ni4.7A10.3 is given in Fig. 3. 
The hydrogen sorption rate of all three IMC's shows a 
quadratic dependence from hydrogen pressure. 
( a) ( b) ( c) 
3 
2 2 2 
12 16 0 4 8 12 16 2 3 
time [ s] time [ s] time [ s] 
Fig. 1: Kinetic data (Fis reacted fraction) forthe reaction of hydrogen with ZrCo at 300 K atseveral constant pressures: a) 
P=0.004 bar, 2. P=0.006; 1. P=0.05 bar, 2. P=0.07 bar, 3. P=0.10 bar and c) P=0.40 bar, 2. P=0.60 bar, 3. P=0.80 bar, 
4. P = 1.0 bar. 
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Fig. 3: Pressure dependence of the rate of hydrogen 
absorption by 6. ZrCo, 0 Zr0.8Ti0.3Mn 1.0, and 0 
LaNi4.7AI0.3 at a constant temperature of 300 K. 
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TRIT-1 Tritium Supply and Management: 
Calorimetric Measurements 
Standard calorimetry is a widely used method in tritium ac-
countancy. Because of the very short penetration of the soft 
beta rays of tritium a quantitative measurement of the decay 
heat oftritium, i.e. 324 mW/g, is possible bythis technique. 
Using two different calorimeters, one developed at KfK, 
Karlsruhe and one purchased by ETHEL, lspra, the tritium 
stored in four commercial Amersham uranium beds loaded 
with different amounts of tritium (range 0.1-2.5 g) were 
measured. Both calorimeters were calibrated periodically us-
ing electrical heat sources that simulate the configuration of 
the U-beds examined calorimetrically. 
With the isothermal microcalorimeter developed at KfK 3-4 
measurements of extended duration were performed, with 
each of the four uranium beds. The time of measurement was 
within the range 59.75<t<69.75 h. Under these conditions 
and after correction for the decay of tritium (;\ = 1.54·1 o-
4± 5.4·10-8 d-1) the inventories were determined with stan-
dard deviations of the order of only 0.009-0.09%. 
Manufacturer of the isothermal calorimeter of ETHEL was 
Antech, Ascot, England. ln this calorimeter a constant tem-
perature profile is maintained towards its periphery, the tem-
perature of the outer mantle being above that of the room. 
When a heat sou rce is introduced into the chamber of the cal-
orimeter the temperature control of the calorimeter reduces 
the heat supply to the inner mantle and keeps the tempera-
ture profile constant. The reduction in heat power supply is 
used by a custom made software, which allows the prediction 
of the tritium inventory with an accuracy of 2-3% after less 
than half an hour. After 2-3 hours an equilibrium fit can be 
obtained which delivers measurements with an absolute stan-
dard deviation smaller than 2 mW. When measurements of 
Ionger duration were performed, i.e. >1.6 hours, the stan-
dard deviation could be reduced to 0.5 mW. 
The intercomparison of the results obtained with the two cal-
orimeters using common tritium samples was highly satisfac-
tory. From the data is is concluded that calorimetry consti-
tutes an important non-destructive tritium management 
method. 
H. Kapulla 
R. Kraemer 
R.D. Penzhorn 
NDB 1 Neutronics Data Base 
Subtask 1: EFF Development 
The objective of this task is the development of a reliable nu-
clear data base for neutron transport calculations of fusion 
reactors. To this end nuclear cross-section data evaluations 
and improvements as weil as calculational data tests against 
integral benchmark experiments are being performed in the 
framewerk of the European Fusion File (EFF) project. Within 
this programme KfK contributes to nuclear cross-section im-
provements of structural materials in the resonance region 
and to data test analyses for shielding, structural, breeding 
and neutron multiplying materials. 
Predictability offluctuations in structural material cross-
sections 
For the steel components Fe, Cr, Ni resonance parameters are 
precisely known below a neutron energy of about 0.8 MeV 
and are included in the data files used in neutron transport 
and shielding calculations. No resonance parameters are 
available above 0.8 MeV, but it is weil known, and for Fe 
confirmed by recent high resolution measurements made at 
Geel, that resonance effects persist and must be included in 
shielding calculations. The important question is at what 
energy they become negligible. 
ln co-operation with CBNM (Central Bureau for Nuclear 
Measurements) Geel the observed fluctuations were 
compared with fluctuations calculated from Monte Carlo 
sampled resonance ladders based on Ievei statistics. Observed 
and computed fluctuations agree fairly weil, see Fig. 1. 
Furthermore, nuclear reaction theory shows total cross-
section variances at zero temperature to be proportional to 
the difference between compound nucleus formation and 
resonance-averaged nonelastic cross-sections. Therefore, the 
variances can be obtained analytically from optical modeland 
Hauser-Feshbach calculations, only higher moments require 
Monte Carlo methods, see Ref. 1. For structural materials, for 
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which Doppler broadening is unimportant, total cross-section 
fluctuations can thus be predicted quite reliably above the 
resolved resonance region. For Feit is found that the relative 
standard deviations due to fluctuations drop below 10% only 
above 4 MeV, in agreement with the Geel high-resolution 
data, see Fig. 2. 
0.5 
0 
0 
0.1 
0 
Fe+n 
total cross section fluctuations 
OM calc., dnon = o 
" , dnon from eval. 
Geel 1992, 48 mm sample 
5 MeV 
E 
Fig. 2: Experimentaland calculated relative standard 
deviations of the total cross-section distribution of 
iron. The impact of the inelastic threshold at 0.86 
MeV is clearly visible. 
EFF benchmark analyses for neutron multiplication and 
breeding materials 
The objective of this sub-task is to validate cross-section data 
of the latest EFF-2 file for neutron multiplication and 
breeding materials. To arrive at this goal a three-stages 
approach is followed. At the firststage the EFF-2 cross-section 
data are processed and compared with ENDF/B-VI and 
evaluated data of other sources as weil as measured ones. At 
the second stage transport calculations are performed for 
simple and clean benchmark problems using different 
transport codes and cross-section data. At the third stage 
transport calculations are performed for available 14-MeV 
neutron transmission experiments. CIE-type information is 
obtained from the comparison of calculated and measured 
neutron leakage spectra. Along with the results of the first 
two stages this information provides the basis for checking 
and further improving the EFF-2 cross-section data. 
A detailed study on the beryllium data evaluations of EFF-1, 
EFF-2 and ENDF/B-VI has been performed, see Ref. 2. The 
processed secondary energy and angle distributions 
(SED/SAD) were compared to each other and to measured 
differential data. Remarkable differences were found with a 
streng impact on the neutron transport in beryllium. ln 
particular for EFF-2 there are severe discrepancies with 
measured double-differential cross-sections at several 
secondary energy and scattering angles which call for a 
revision of the evaluated SED/SAD. 
Neutrontransport calculations were performed for beryllium 
spherical shell assernblies with the ONETRAN-code using the 
SN/PL-approximation in the conventional way and the 
ANTRA 1-code applying a direct numerical scheme for the 
scattering integral without the need to use Legendre 
polynomials. There is a slight disagreement between the 
leakage spectra obtained by rigorous ANTRA1- and 
approximative ONETRAN/PL-calculations for material 
assernblies with thicknesses of several mean free paths which 
means that the solution of the SN/PL - calculation does not 
converge towards the exact one. The impact of the different 
beryllium data evaluations, however, is more severe. There 
are observed very different shapes of the calculated neutron 
leakage spectra reflecting both the different SED/SAD of the 
used beryllium data evaluations and the (n,2n)- cross-section 
which is higher in EFF-1 by about 10% as compared to EFF-2 
and ENDF/8-VI, see Fig. 3. 
At the third stage transport calculations were performed for 
14-MeV neutron transmission experiments on beryllium 
spherical shells conducted at IPPE Obninsk, KfK and the 
OKTAVIAN facility (University of Osaka). From the comparison 
with the analysed integral experiments a preference for the 
EFF-1 beryllium data evaluation can be deduced (see e. g. Fig. 
4 for the KfK KANT experiment). This is in agreement with 
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both the findings of the SED/SAD data tests against 
differential measurements and computational analyses of 
total absorptions experiments performed at ldaho National 
Engineering Labaratory (INEL). This includes a preference for 
the higher (n,2n) cross-section used in the EFF-1 beryllium 
data evaluation. With regard to the more recent EFF-2 
beryllium data there is a need to improve the SED/SAD and 
to critically check the (n,2n)-cross-section which is the one of 
the ENDF/B-VI evaluation. 
Literature: 
[1) 
[2) 
F. H. Fröhner, Proc. International Conference on 
Nuclear Data for Science and Technology, Gatlinburg, 
USA, 1994 (in print) 
U. Fischer, E. Wiegner: Benchmark analyses of the 
ENDF/8-VI, EFF-1 and EFF-2 beryllium data evaluations 
for neutron transport calculations, 3. International 
Symposium on Fusion Nuclear Technology, Los 
Angeles, June 27- July 1, 1994 
Fig. 3: Secondary energy distribution of 
9ße(n,2n) at 14 MeV incident neutron 
energy: Comparison between evaluated 
and measured data. 
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Fig. 4: Calculated and measured neutron 
leakage spectra of the KfK KANT 
berylliumshell experiment. 
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Subtask 2: Shield Penetration Experiments 
For fusion reactors as ITER efficient shielding of the 
superconducting magnets from neutron and photon 
radiation is one of the problems to be solved in the field of 
neutronics. The Iimits formulated for the fluence of fast 
neutrons in the coils, the number of atomic displacements in 
the stabilizer, and the nuclear heating in the magnet (1] are 
determined by the neutron and photon fluxes penetrating 
the shield blanket. The blanket has several ducts and gaps. 
The main element of the structural material is Fe. Therefore, 
Fe slab-assemblies with a gap and without gap were 
investigated. The thickness of the slabs and the gap geometry 
were optimized [2) so that the neutron and photon fluxes 
(<Pn(E) and <Py(E)) penetrating the assembly after irradiation 
with 14 MeV neutronsaresensitive to both the nuclear data 
of Fe and streaming through the gap. 
The geometry of the arrangement is outlined in Figure 5. The 
Feslab has a front area of 100 cmX 100 cm and a thickness of 
30 cm. The distance between source and detector is 349 cm, 
between source and slab 19 cm. Gappositionsare x==10 cm 
and x == 20 cm. The width is b == 1 cm and b == 5 cm. 
Q 
• 
D 
'-G 
Fig. 5: Geometry of the experiment. Q- neutron source, D-
detector, x- gap position, b- gap width 
Pulse-height distributionstaken from a liquid scintillator (NE 
213) are transformed to <l>n(E) and <!>y(E) [3.4) for 1 MeV 
<En<15 MeV and 0.2 MeV<Ey<8 MeV, respectively. The 
neutron flux for energies E< 1 MeV is measured by use of 
hydrogen-filled proportional counters [5). 
To test calculational tools for shielding <l>n and <!>y are 
compared with Monte-Carlo-calculations (code MCNP-38 [6], 
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coupled neutron-photon transport) based on the data of the 
European Fusion File EFF-1 [7). 
The measured and the calculated flux spectra for the Fe 
assernblies with gap parameters b/x==0/0, 5/10 and 5/20 
(cm/cm) are presented in Fig. 6. The results for 1/10 and 1/20 
are systemically in between. 
The <l>n(E) for E > 5 MeV increase systematically from the 
assembly 0/0 over 5/20 to 5/10. This trend is described. Even 
the differences of the <l>n from the assernblies agree relatively 
weil with the calculated differences. However, for all 
assernblies the total value of <l>n is underestimated. ln Ref. [8] 
is discussed that the forward-peaked neutron emission in this 
range has to be taken into account for a better description. 
The largest streaming is measured and calculated for the 
assembly 5/10 compared to 0/0 in the range of 14 MeV peak. 
ForE< 1 MeV the <l>n(E) from the three assernblies agree as 
expected by the calculations. A significant surplus of neutrons 
is measured compared to the calculated spectra for E<0.2 
MeV from all assemblies. lt seems tobe described. However, 
from all of the three assembiies the totai photon flux is 
significantly underestimated what may be in conjunction 
with the more forward-peaked neutron transport compared 
to the calculation [8]. 
These investigations were extended to angular fluxes from 
the assembly which are more sensitive to forward-peaked 
neutron emissions. The structural material SS316 is used 
instead of Fe. 
Literature: 
[1] W. Dänner, ITER Expert Meeting on Shielding 
Experiment and Analysis, Garehing (FRG), 1990, ITER-IL-
5-0-5 (1990) . 
[2] T. Elfruth et al., in Fusion Technology 1992, p. 1341, ed. 
by C. Ferro, M. Gasparotto and H. Knoepfel, Elsevier 
Science Publishers, Amsterdam, 1993. 
[3) S. Guldbakke et al., in Reactor Dosimetry ASTM STP 
1228, ed. by H. Farrar et al., American Society for 
Testing and Materials, Philadelphia, 1994. 
[4) L. BOermann et al., NIM A332 (1993) 483. 
[5) D. Albert et al., Kernenregie 20 (1977) 95 and 
Kernenergie 21 (1978) 82. 
[6] J.F. Briesmeister (ed.), Report Los Alamos N.l., LA-7396 
(1986). 
[7) H. Gruppelaar, Report EFF-Doc-46, Petten. 
[8) W. Hansen et al., Proc. lnt. Conf. on Nuclear Data for 
Science and Technology, Gatlinburg (USA) 1994. 
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Fig. 6: Measured (left hand) and calculated (right hand) flux spectra for the assernblies with gap parameters b/x(cm/cm) = 010 
(o), 5/1 0(*) and 5/20(xl· a) neutron flux in the high-energy range (upper part), b) neutron flux in the low-energy range 
(middle part), c) photon flux (lower part). 
T16 
1. 
Preparation of Neutronics Experi-
mentsand Measuring Technologies 
FENDL-1 Data Validation 
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The KfK task on FENDL-1 data validation is a sub-task of the 
iTER R&D task T16. The objective of this task is to qualify and 
vaiidate FENDL-1 data for shieiding and other materials of im-
portance fortheITER design. 
The Fusion Evaiuated Nuclear Data Ubrary FENDL is a compi-
lation of fusion-oriented data files selected from the nuclear 
data ENDF/B-VI (USA), BROND (Russian Federation), JENDL 
(Japan) and EFF (European Union) in an international effort 
initiated and co-ordinated by the iAEA Nuclear Data Section. 
The FENDL data file will serve as reference library for design 
calculations in the Engineering and Development Activities 
(EDA) phase of the iTER project. Prior to its use in design cal-
culations there is a need to validate the FENDL data base for 
the relevant fusion reactor materials. 
in a first step FENDL vaiidation anaiyses have been performed 
for beryliium, iead, iron and copper using the then avaiiabie 
muitigroup data processed by IAEA/NDS, see Ref. 1 and 2. A 
three-stages approach has been followed in the data valida-
tion analyses comprising checks of the processed FENDL data 
against other evaluations and against differential experi-
ments, neutron transport calcuiations for simple clean bench-
mark problems using different transport methods and codes, 
and, finally, computational analyses of suitable 14-MeV neu-
tron transmission experiments. ln this step, benchmark ex-
periments in simple geometrical configurations - spherical 
shells with a central 14-MeV neutron source- and one single 
material were preferred to facilitate the identification of pos-
sible deficiencies and/or discrepancies. The selected bench-
mark experiments were performed at the OKTAViAN facility 
(University of Osaka), iPPE Obninsk and KfK. Cross-checking 
was performed with ENDF/B-VI and EFF-data again applying 
different computational tools. 
ln a second step the FENDL multigroup library processed by 
the Los Alamos Nationallaboratories (LANL) was used in the 
data test analyses as this will be the working library for iTER 
EDA design calculations. in addition, data test analyses were 
performed for Al, Si, Li and Zr making again use of iPPE 
Obninsk and OKTAVIAN transmission experiments on spheri-
cal shell assemblies, see Ref. 3. 
The major results of these analyses may be summarised as fol-
lows. For the most important fusion reactor materials the 
analysed FENDL data have reached a high quality Ievei that al-
lows their reliable use in fusion neutranies applications. ln 
particular the analysed Iead and copper data call for only mi-
nor improvements. For iron there is a systematic underestima-
tion of the calculated neutron leakages below 1.5 MeV that 
may be caused by overestimated neutron absorptions due to 
missing resonance shielding in this energy region. For beryl-
lium improvements of the secondary energy-angle distribu-
tions are recommended: in particular there is a strong under-
estimation of inelastically backward scattered neutrons in 
the FENDL data. in addition, a preference can be deduced for 
a higher (n,2n) cross-section as it is used in the EFF-1 evalua-
tion. Basedon the results ofthe analyses both for iron and be-
ryllium further integral experiments in spherical geometry 
were recommended. Such experiments presently areweil un-
derway. 
For secondary priority fusion reactor materials (e. g. Al, Si, Zr) 
the data quality in general is not satisfactory. Figs. 1 and 2 re-
veal that Si and Zr are primary candidates for improvements 
in the forthcoming version 2 of the FENDL data file. 
Uterature: 
[1] 
[2] 
[3] 
U. Fischer, E. Wiegner: FENDL benchmark analyses at 
KfK, IAEA Advisory Group Meeting on Review of Un-
certainty Files and lmproved Multigroup Cross-section 
Files for FENDL, Tokai-mura, Japan, November 8 -
12,1993. 
U. Fischer, E. Wiegner: FENDL data testing for beryl-
lium, Iead, iron and copper, 3. International Sympo-
sium on Fusion Nuclear Technology, Los Angeles, June 
27- July 1, 1994 
U. Fischer, E. Wiegner, H. Tsige-Tamirat: Status of 
FENDL data test analyses at KfK, IAEA Advisory Group 
Meeting on lmproved Evaluations and Integral Data 
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16,1994. 
U. Fischer 
H. Tsige-Tamirat 
E. Wiegner 
1o' 
? 
"' E 
6 10° 
~ 
.c 
.]/ 
+-' 
·c: 
--?. 10-1 
-5 
+-' 
c 
~ 
'-
a 
~ 10-2 
0 
.o<. 
0 
~ 
? 
"' E 
101 
6 10° 
~ 
~ 
;e 
c 
--?. 10-1 
-5 
+-' 
c 
t 
::J 
0 
~ 10-2 
0 
.o<. 
0 
"' _J 
OI<TAVIAN Si spherical shell (t=20.0 cm) 
o o Experiment 
-- ONEDANT/FENDL-1 (S20/P5/175) 
.......... MCNP/EFF -1 
106 
Neutron energy (eV) 
Of<lAVIAN Zr spherical shell (t=27.5 cm) 
o Experiment 
-- ONEDANT/FENDL-1 (S20/P5/175) 
· ......... MCNP/EFF -1 
--43--
107 
Fig. 1 : Calculated and measured 
neutron leakage spectra of 
the OKTAVIAN siliconshell 
experiment . 
Fig. 2 : Calculated and measured 
neutron leakage spectra of 
the OKTAVIAN zirconium 
shell experiment. 
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2. Development and Demonstration of Experimental 
Techniques for Nuclear Heating Measurements 
This is a contribution to a joint effort with ENEA Frascati and 
CEA Cadarache, where thermoluminescence dosimeters and 
gamma chamber techniques are used for nuclear heating 
measurements [4). 
The objective is to develop methods for measuring heating in-
duced by neutrons and photans with such a high sensitivity 
that in a blanket model mock-up at positions close to (or in) 
the material simulating the superconducting coils measure-
ments are possible even with moderate neutron source 
strength. 
Two new methods are investigated. They are based on: 
• scintillati ng optical fibers [5) 
e silicon hybrid-minisensors. 
1. Scintillating fiber method 
Two photomultipliers are coupled to both ends of a scintillat-
ing fiber. The energy deposition inside the fiber caused by a 
traversing particle is determined by the energy-proportional 
pulses of the left and the right photomultiplier. The position 
of impact can be derived from the time difference between 
the signals of both detectors. 
The experiments were carried out with the polystyrene-based 
fiber (5 X 5 mm2, 1.2 m length) BICRON BC-40B. 
For the calibration of the energy scale minimum ionizing elec-
trons were used, characterized by a nearly energy indepen-
dent value for the energy lass dE/dx in the fiber. 
The overalltime resolution amounts to typical values of 1.1 ... 
1.2 ns (FWHM) which yields a position resolution along the fi-
berof ±B.5 ... 9.5 cm. 
The experimental arrangement of first measurements is 
shown in Fig. 3. 14 MeVneutrons from a DT-neutron gener-
ator hit the front of the iron slab and produce a neu-
tron/photon radiation field. The fiber is positioned behind 
the slab atthe same height as the neutron source. 
Various measurements were carried out with the fiber em-
bedded in iron or polyethylene (PE). The material of the bed 
and its dimensions were chosen similar to the geometry of the 
planned test arrangement at Frascati Neutron Generator 
which consists of alternating layers of steel and Perspex. The 
dimensions were: 2.0X2.0 cm2 for the Pe-bed and 2.5X2.5 
for the iron-bed. 
The measurements were carried out at a neutron source 
strength of the order of 1os neutrons per second. Typical 
measuring times were about 20 minutes for the colleetion of 
more than 500.000 events. 
Significant differences of the spectra collected before, du ring 
and after irradiation were registered. lt shows the high sensi-
tivity of the method and demonstrates its applicability for 
after-heating measurements, too. 
To understand the measured spectra in detail supporting 
Monte-Cario simulations with the code MCNP-4 [6) were car-
ried out. Coupled neutron-photon-electron transport in the 
real geometry of the measurements is taken into account. 
ln Fig. 4 an experimental spectrum representing the totalen-
ergy deposition in a fiber embedded in PE is compared with 
the calculated share of this distribution caused only by (n,p)-
scattering. Evidently for energies above approximately 7 MeV 
the energy transfer is produced completely by this process. 
Differences at lower energies are conjectured to arise from 
photon absorption and (n,a)-reactions on carbon. 
ln order to determine the amount of nuclear heating quanti-
tatively, the measured spectra have tobe extrapolated below 
the experimental threshold of approximately 800 keV proton 
energy. Therefore the exact knowledge of the shape of the 
spectra in the low-energy region has tobe determined by sim-
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ulations including all contributing energy transfer processes. 
Then the total energy deposited in the fiber is known. This 
value is pretty close to the nuclear heating in an equivalent 
volume of Perspex or water. 
ln addition it will be transformed into nuclear heating in an 
equivalent Fe-volume. Therefore the ratio of Fe-/PE-heating 
was already calculated by use of the corresponding KERMA-
factors. 
2. Siliconminisensor method 
A minisensor was tested for the application in gamma-
heating measurements in fusion neutranies experiments. The 
detector from VacuTec Dresden is an integrated chip of di-
mensions 0.55X0.9X3 cm3 consisting of a semiconductor Si-
detector, charge sensitive preamplifier, pulse amplifier and 
discriminator. The sensitive volume of the detector is 
0.5X0.5X0.03 cm3. The employment of such detectors is very 
useful because of its high detection sensitivity, small volume 
and simple application. 
The detector was irradiated with photons from Cs-137- and 
Co-60-sources for energy calibration and for estimation of the 
detector response. ln Fig. 5 the pulse-height spectra are com-
pared with MCNP-4-calculations. 
ln a second step this detector was surrounded by iron or poly-
ethylene, placed behind the iron wall assembly as described 
above and irradiated in the neutron-photon field (see Fig. 3). 
The measured pulse-height spectra are compared with calcu-
lated ones. The energy release from gamma-heating is deter-
mined by integration of the measured pulse-height distribu-
tion and extrapolation to E := 0 using the calculated responses. 
The ratios of heating in Fe/Si and PE/Si were calculated with 
the KERMA-factors. 
The investigations are in progress; especiallythe uncertainties 
of the methods have tobe investigated. 
Fig. 3: 
detector position 
Experimentalarrangement for the 
measurement behind a solid iron-
block 
tamet po!ition 
ofthe 14 MeVneutron 
generator 
19cm 30cm 
Fe: 25 x 25 mm' or 
PE: 20 X 20 mm' 
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Fig. 5 Comparison of experimental and calculated pulse-height distributions for irradiations from Cs-137 (a) and Co-60 (b) 
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Remote Handling I Maintenance 
lntroduction: 
Due to the activation of most components of a fusion reactor, 
all operations of inspection, maintenance, connection and 
disconnection, assembly and disassembly will have to be 
carried out remotely from the very start of the machine. 
Hands-on or semi-remote maintenance will be possible only 
in limited areas and for some peripheral components. 
The maintenance of the in-vessel components has been 
identified as a key problem. The equipment for in-vessel 
maintenance will have to operate under extreme conditions 
of radiation and temperature. The I arge variety of operations 
to be carried out requires versatile and replaceable tools 
attached to different work units with !arge Iifting 
capabilities. The high availability targeted by NET I ITER will 
require that in-vessel operations have tobe carried out with 
relatively high speed. 
Most of the KfK work concentrates on the development and 
qua!ifkation of an in-vessel handling unit (IVHU) V'..tith an 
articulated boom transporter (ABT) and different work units 
(task RHT 1 ). This system is primarily~ needed for the 
maintenance or replacement of in-vessel components during 
short term i nterventions. 
The Experimental Device for In-Torus Handling EDITH is the 
prototype of this system. lt is required to demonstrate that 
the maintenance of plasma facing components can be carried 
out with the anticipated reliability and time. lt is also needed 
to optimize the IVHU components and subassemblies and to 
testdifferent control algorithms. 
EDITH is a full scale ABT, supplemented by a full scale mock-
up simulating the upper half of a torus sector. The hardening 
of sensitive IVHU components for NETIITER typical 
temperature and radiation Ieveis is being performed in close 
cooperation with SCK/CEN Mol within EC Task T35. 
Task RHT 1 includes now also the further development of a 
remote handling workstation (RHWS) which can be applied to 
different remote handling tasks for fusionplant maintenance 
(formertask RHB 1-2). 
Most of the work performed within the former task RHS 1 of 
the 1989-91 programme to standardize and qualify basic 
machine components for remote handling and to develop 
remote techniques to assemble and dissassemble these items 
has been finished, e.g.: 
Electrical connectors 
Pipe connectors 
Fluid connectors 
- Welded connectors 
- Welded vacuum lipseals 
(RHS 1-1), 
(RHS 1-2), 
(RHS 1-3), 
(RHS 1-4) and 
(RHS 1-5). 
ln 1992-94 KfK concentrated its efforts on the development 
and qualification of cutting and welding tools for cryo-
connectors (EC Task T 43, former subtask RST 2). 
A. Fiege 
RHB 1 RH Common Subsystems 
Subtask 2: Remote Handling Workstation Development 
The goal of this task is the development of a generalpurpese 
remote handling workstation (RHWS) which can be applied to 
different remote handling tasks for fusion plant 
maintenance. The work is based on a NET study contract 
whose results are documented in [1]. The remote handling 
workstation supports the operator during task preparation, 
training, and execution. lt also is used as a procedure 
documentation tool. The RHWS provides the main-machine 
interface and operational support tools [2]. The RHWS 
consists of three subsystems (fig. 1) which are connected but 
which also may be used stand-alone. PEXOS (Procedure 
Editing, Simulation, Execution, and Monitaring System) is a 
multimedial electronic handbook interacting not only with 
the operator but also with the other subsystem and the 
remote handling devices thus coordinating the whole work 
according to the planned procedure. The procedures are 
graphically visualized by action/state networks and described 
textually, by drawings, photos, video sequences, operator 
remarks, and KISMET animations. KISMET (Kinematic 
Simulator, Monitor, and Programming Environment for Tele-
manipulation) provides the three-dimensional spatial 
information for motion planning and monitoring. KISMET 
device models can be used as master devices for manual 
control. The DOIF subsystem (Device Operating Interface) 
provides the graphical operating interfaces for manual device 
control and monitaring and facilitates manual control of a 
device or a device group by a macro programming feature. 
The RHWS is being applied to the EDITH experiment (see task 
RHT 1) and the EU-TELEMAN-INGRID project for controlling a 
telemanipulation cell in the Sellafield reprocessing plant. 
The RHWS was continuously enhanced according to the 
experience in the applications. Major subtasks were: (1) 
subsystem, (2) video overlay facility for KISMET allowing the 
operator to identify and correct interactively modelling 
errors, (3) enhancing user friendliness of PEXOS and DOIF, (4) 
development of a special PEXOS subsystem for instructing the 
master-slave manipulator operator and coordinating his 
Control Systems 
Fig. 1: Architecture of the remote handling Workstation 
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work, (5) prototypical redesign and implementation of the 
DOIF subsystem, especiallythe macro programming feature. 
ln the context of the remote handling procedure 
development at JET a KfK delegate applied KISMET which 
proved to be essential not only in offline feasibility studies 
and strategy planning, but also during actual remote 
handling Operations. For example: offline studies on KISMET 
models influenced the design of remote handling equipment 
for the MARK II divertor exchange. KISMET was employed in 
the preparation of the successful A2-antenna installation 
during shutdown work in November '93, where the TARM 
robot was used for the first time for ex- and in-vessel work. 
KISMET supplied the main online information for the 
MASCOT operator during the pumping chamber door mock-
up test. Furthermore KfK implemented a camera-control 
systems operating interface for JET which works reliably 
controlling five different low-level camera control stations. 
On the basis of a written procedure documentation the port 
opening procedure was modelled with PEXOS to demonstrate 
its usability. PEXOS was evaluated positively by the JET RH 
group. 
Literature: 
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Synthetic Viewing: Comprehensive Work 
Representation Making Remote Work more 
transparent to the Operator. ISFNT-3, 27.6.-1.7.1994, 
Los Angeles, CA, USA 
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RHT 1 Articulated Boom Transporter 
Subtask 2: EDITH Prototype Articulated Boom 
The objective of this subtask is the qualification of the EDITH 
prototype in full remote conditions. Testing is being 
performed with a manipulator end-effector carrying 
lightweight tools for delicate tasks (e.g. for armour tiles 
replacement (Fig. 1 or Be-spray) and with a special purpose 
end-effector to simlate handling of heavy payloads up to 1 
ton (e.g. divertor plates or bumper limiters). Operations are 
simulated in a vessel sector mock-up, scale 1-1, with remote 
viewing facilities [1-3]. 
Fig. 1: Articulated boom replacing protective tiles located 
in the upper torus reg ion of the mock-u p 
EDITH is being controlled via a multipurpose RH workstation 
(RHWS). 
ln continuation of the work performed during the last 
periods of reporting [4 -7] the assembly and commissioning 
of the ABT and the mock-up has been completed in the 
Remote Handling Labaratory of KfK [8]. Static and dynamic 
qualification tests have been carried out. The mock-up has 
been prepared for the demonstration oftile replacement. 
Mechanics ofthe ABT 
The ABT (Figure 2) consists of four links which are attached 
via a cantileverarm to the support structure. At the front link 
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the end-effector positioning unit (EEPU) is mounted which 
again can be equipped with different end-effectors like the 
manipulator handling unit (MHU) as a multi-purpose unit or 
special end-effectors devoted to specific tasks. For the tile 
replacement the MHU is applied. As an interim end-effector it 
combines two different electric master/slave manipulators 
which were available at KfK. The manipulators are connected 
by means of an adaptation unit which compensates their 
different geometry and provides an additional roll joint. 
Between the EEPU and the adaptation unit the manipulator 
positioning unit is installed which has an additional yaw joint; 
thus allowing to work with the manipulators raciially to the 
torus. Two overview cameras equipped with pan-and-tilt-
heads and two operation cameras mounted at camera arms 
are part of the viewing system. The system is supplemented 
by four lamps. The light intensity is variable. 
Guidance and Control System 
To support the operator in remote task performance a 
guidance and control systemwas developed and installed in 
the EDITH control room providing two working places one for 
co-ordination and assistance tasks and the other for manual 
work with Servo-manipulators (Figure 3). The overall 
architecture is shown in Figure 4. 
The guidance system is represented by a remote handling 
workstation (RHWS) [9,10), standard TV monitors, and the 
master systems of two master-slave manipulators. The RHWS 
provides the non-conventional man-machine interface and 
operational support du ring planning, training, and execution 
of procedures. The analysis of maintenance procedures 
showed that three types of maintenance task abstractions are 
sufficient and convenient for a comprehensive operational 
support: the representation and simulation of the procedures 
(handbook information), the representation of the working 
space geometry including motion paths, and the 
representation of the device functions. The RHWS consists of 
three subsystems according to those three aspects: PEXOS 
(Procedure Editing, Simulation, Execution, and Monitaring 
System), KISMET (Kinematic Simulator, Monitor, and 
Programming Environment for Telemanipulation),and DOIF 
(Device Operating Interface). The RHWS was developed in the 
task RHB1 and applied to EDITH and the TELEMAN-INGRID 
project. The work in the last period concentrated on an 
suitable set-up of the guidance system and its preparation 
and usage for the various EDITH experiments, espedally the 
tile handling. 
The control system is hierarchically organised and consists of a 
management system (program and parameter management, 
teach/repeat functions, safety functions), the path control for 
EDITH, and the camera system control. Main research topic in 
this area was the fast, predse, and safe motion of the 
transport arm. 
There have been several improvements in the control system. 
As first one, the dynamic behaviour of the ABS has been 
enhanced, by implementing a control algorithm, evaluating 
the deflection of joint gears with respect of joint and motor 
STÜTZGESTELL KRAGARM GELENKARM 
2000 2450 
5800 
Fig. 2: The articulated boom transporter 
Fig. 3: EDITH control room 
positions. Simulations of a state space control design have 
been processed with success and shall be implemented for 
handling of heavy Ioads to improve the accuracy of spatial 
movements. Also there have been changes to allow the 
operator a direct access to spatial move commands, which 
allows him to position the ABS with a higher position 
accuracy. 
With respect to the validation of the dynamic model of the 
ABS, there has been implemented a fast data acquisition 
system to record important dynamic system data. Also there 
has been realized a new monitaring interface, which transfers 
the position data much faster to the kinematic simulation 
system KISMET. So it is possible to transfer position data up to 
the sample rate of the position controller, i.e. 50Hz. 
Static and Dynamic Qualification Tests 
Within the frame of the ABT qualification the following tests 
have been performed: 
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Static and dynamic Ioad tests to validate the stress 
analysis and to determine the deflection under Ioad 
Tests to determine the positioning and repeating 
accuracy 
Experiments to determine the horizontal stiffness to 
improve the positioning accuracy and the backlash 
removal ofthe drive units 
• Dynamic Ioad tests in horizontal and vertical direction 
to achieve data for the validation of the dynamic 
simulation. 
Validation of the stress analysis 
Stress measurements us'ing strain gauges and strain gauge 
rosettes, respectively, have been performed at four link 
positions in order to determine the maximum Ioad 
conditions. The measurements have been compared with the 
results of the stress calculations. The investigations included 
the straight position of the articulated boom and three 
positions forming angles where always only one joint (Z2, Z3, 
Z4) has been forming a knee of 90°. 
First static measurements have been carried out at unloaded 
conditions followed by measurements with an equivalent 
Ioad of 2200 kg. The equivalent Ioad has been corresponding 
to a payload of 1000 kg completed by a factor of two for the 
dynamic influence and additional 200 kg for missing add-on 
pieces. The evaluation at the lower pressure hinges showed a 
satisfying compliance with the calculations. At the side walls 
of the links 81, B2 and 83 the measüred bending stresses were 
too small whilst the shear stresses were too high compared 
with the calculation. The smaller bending stresses resulted 
from the assumption of a linear stress distribution between 
the upper and the lower link chords. More precise 
calculations performed meanwhile show a strong increase of 
the bending stresses at the upper and the lower edges of the 
side walls. 
Forthis reason a strain gauge rosette has been positioned at 
the lower edge of the link B2 side wall for dynamic 
measurements. The unloaded articulated boom has been 
loaded with an additional weight of 200 kg and has then 
been loaded by 1000 kg which became abruptly free via an 
electric Iifting magnet. The measured stresses at the 
pressured hinges were comparable with those of the static 
tests. As to be expected the pressure stress at the side wall of 
the link B2 has been higher than those at the static 
measurements and is comparable with the calculated value. 
On the other hand the shear stress has been smaller. Thus the 
assumed factor for taking into account the dynamics is in 
accordance with the stress amplitude under Ioad. 
Positioning and repeating accuracy 
There have been performed tests that evaluated the 
repetition accuracy of the Articulated Boom System (ABS). 
Several movements have been executed repeatedly. The end 
position of each movement has been measured via the joint 
resolvers, which are integrated in the ABS, and additionally 
with an external measurement system. The results gaihed 
with the external measurement system have met the 
specification of the ABS, which was specified as Smm. The 
positioning error calculated via forward transformation of 
the joint resolver values has been much smaller (2mm). The 
comparison of both results showed, that the differences have 
been bigger than those, which can be explained with the 
finite resolution of the resolver system. During further 
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experiments the reason of these differences has been 
detected as a backlashin the resolver system of about SX 10-4 
rad. ln the worst case, i.e. if the ABS is extended and all the 
measurement errors add themselves to the greatest error, 
there must be expected a repetition error of about 14mm, 
which is mainly (10mm) caused by backlash.During all the 
experimentssuch a big error never could be measured. So the 
probability of it seems to be rather small, but theoretical 
considerations Iet seem them to be possible. As measure, the 
reduction of the backlash to a value of 2 resolver digits may 
be possible by constructional changes. So the error caused by 
backlash may be reduced to a theoretical value of about 
4mm. 
Horizontal stiffness 
The horizontal elasticity is caused by 
e the drive unit elasticity, 
e the drive unit backlash, and 
• the joint backlash. 
The horizontal elasticity has been determined at a straight 
position of the ABT. For the measurements the boom tip has 
been loaded by horizontal forces up to 1 kN orthogonally to 
the boom orientation in steps of 0.2 kN. The forces at the 
torque arms of the drive units have been measured by Ioad 
cells, the boom deflection by means of a Iaser pointer and 
scaled marks on the floor. During the test campaign the 
motors of the drive units were out of operation and their 
brakes have been locked. The measurement arrangement is 
shown in Figure 5. 
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Fig. 5: Measurement arrangement for the horizontal 
stiffness 
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The measurement results which are summarized in Table 1 
have shown that 
• the measured deflection has been approximately twice 
the calculated one which was based on external 
measurements at the drive u nits 
e the drive unit backlash is important, and 
a reduction of the torque arm restraint backlash would 
improve the stiffness substantially. 
Firsttests have shown (Figure 6) that it is possible to reduce 
the backlash by preloading the drives and by compensating 
the resulting air gap at the torque arm restraint by fillers. 
Thus it should be possible to compensate the backlashat the 
torque arm restraints totally and to achieve a total deflection 
of about 90 mm. 
Validation of the dynamic simulation 
The AMBOSS dynamic simulation system has been described 
already in the previous report and- more detailed- in [8]. One 
outstanding task has been the Validation of the dynamic 
model that is used in the simulation. This validation is to be 
performed by comparing simulation results with the data 
measured during the dynamic qualification tests described 
above. 
Actually, the former dynamic simulations used a model of the 
ABT which did not comply totally with the experimental 
conditions. ln particular, the EEPU was replaced either by a 
preliminarily designed model or by a heavy dummy mass. ln 
other Simulations, the actual EEPU has been investigated 
separately, but there has been no combined model of the ABT 
together with the EEPU. 
For comparing simulation results with measured data, the 
simulation model needs to represent the actual experimental 
configuration as close as possible. Therefore, the dynamic 
model had tobe re-arranged to the combined model of ABT 
and EEPU. This task is just now underway. First results that can 
be compared to the measured data are expected within a few 
weeks, and the full validation evaluation will be available at 
the end of 1994. 
Subtask 3: Divertor Plate and Armour Tile Handling 
Objective of this subtask is the design, manufacture and 
commissioning of armour tiles and divertor plates handling 
equipment. The equipment has tobe tested, followed by the 
demonstration of the tile and divertor plate replacement in 
the mock-up. 
Armour tile replacement 
For the demonstration of armour tiles work sites in the upper 
half of the torus mock-up have been arranged. According to 
the requirements the tiles were fixed by studs and conical 
nuts. For the replacement two special tools were fabricated, a 
tile detachment device (TOD) and a tile positioning device 
(TPD) [7]. Both have been handled with the manipulator 
handling unit of the ABT. The TOD combines a gripper and 
two tubular drills, the TPD a gripper and two screw drivers to 
fasten the plate. The magazines for tools and tiles have been 
arranged at the floor of the mock-up. The supply lines for the 
tools were not routed at the ABT. ln a final version the supply 
lines will have to be integrated with the consequence that 
tools and manipulatorwill have to be remotely connectable 
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Table 1: Measured and calculated (in brackets) boom 
deflections 
Deflection in 
mmdueto 
elasticity 
backlash of 
drive unit 
and torque 
arm restraint 
Total 
deflection in 
mm 
16000 
14000 
1; 12000 
10000 
u.
! 8000 
6000 
·~ 4000 
.., 2000 •·••••• 
·2000 
0 
Joint 1 
40 
(24,5.) 
23 
(2.6) 
63 
(27.1) 
Joint 2 Joint3 Joint 4 r 
31 11 2 84 
(26) (10) (1 ,2) (61.7) 
26 5 1 55 
(1.8) (1) (0,2) (5.6) 
57 16 3 139 
(27.8) (11) (1.4) (67.3) 
······ 
.... 
0 
Deflectlon Force INJ 
-- LoadCell9 
------- Load Cell 10 
... ____ Load Cell9 (preloaded) 
--·-·-· Load CelllO (preloaded) 
Fig. 6: Comparison of reacting forces atthe torque arm of 
joint 4 under preloaded and not preloaded 
conditions. The air gap at the torque arm restraint 
is eliminated. 
in order to allow the tool exchange inside the plasma 
chamber. 
The tests were performed remotely without direct view by 
two operators from the control room. The ABT and the 
viewing system has been controlled by the co-ordinating 
operator, the MHU and the tools by the manipulator 
operator. The main operation steps and the required 
equipment are listed in Table 2. 
During the planning and preparation phase of the tile 
exchange task the whole procedure was modelled by PEXOS 
and KISMET. Furthermore the EDITH transportation tasks and 
the camera positions and viewing directions for the different 
working positions were taught-in and needed device macro 
functions were developed using the DOIF system to facilitate 
application dependent Controlling. Video sequences, textual 
descriptions, photos, and drawings of all relevant working 
steps were produced and integrated. At the end of these 
preparation not only a complete multimedia documentation 
was available but also an executable high-level program 
Table 2: Operation steps and required equipment for tile 
replacement 
Operation steps Required equipment 
Grasping the tile tobe Manipulatorhandling the 
replaced and trepanning tile detachment device 
the nuts (Figure 7) 
Transfer of the removed tile Manipulatorhandling the 
to a wa~te magazine for tile detachment device 
tiles 
Remova I of the studs a nd Manipulator, no special 
tra nsfer of the removed tools 
studs to a waste magazine 
for studs 
Pieking up of spare studs Manipulator, no special 
and positioning them in tools 
slots of the first wall. 
Grasping a spare tile from a Manipulatorhandling the 
magazine and its tile positioning device 
positioning 
Fastening the spare tile Manipulatorhandling the 
tile positioning device 
Fig. 7: Tile detachment device with removed tile. At the 
first wall remained the studs with the nuts and 
small rings of the divertor plate. 
integrating all agents of the task including the operators. 
Du ring the task execution PEXOS Ieads the operators step-by-
step through the procedure which is visualized graphically by 
a network of actions and states. The transportation tasks are 
directly started via PEXOS by the co-ordinating operator and 
they are monitored using the DOIF subsystem and KISMET. 
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Camera control is reduced to one operator request and 
probably needed small corrections. The Servo-manipulator 
operator is integrated into the systemvia a computer ~creen 
displaying subtask working instructions and requesting for 
confirmations of the start and termination of the manual 
work. 8oth operators can ~all for describing information and 
notices at any time. To cope with unforeseen situations the 
control system allows to intervene, to leave the planned 
procedure, and to rejoin it afterwards. Figure B shows the 
PEXOS screen with the graphically visualized tile handling 
procedure. 
Results of the tile handling 
For the tile replacement the electric master-slave manipulator 
EMSM2-B has been used as a multi-purpose handling unit in 
combination with the TOD and the TPD. The second master-
slave manipulator EMSM3 supported the EMSM2-B by 
carrying the waste storage and the magazine for spare studs. 
The trajectories of the ABT to the different pre-defined 
working positions have been pre-programmed and 
performed in an automatic mode. The articuiated boom 
could be moved with full speed; the positioning accuracy and 
repeatability werein accordance with the requirements. 
The working sequences for the tile replacement have been 
carried out bythe manipulator operator using themasterarm 
and the integrated viewing system. The replacement did not 
make any difficulties. The special tools worked weil. 
The tiles were fixed at the wall with a distance of about 5 
mm. The trepanning depth resulted from the plate thickness 
plus 2 mm and was limited by Iimit switches. The electrical 
connections have been sensitive for graphite dust and the 
trepanning part for different inclinations of tile and handling 
device. 
The camera system was sufficient for working. Nevertheless, 
some improvements at the camera system are desirable. ln 
particularthese are: 
e Optimised camera arm lengths to improve the view 
and to determine the inclination of the wall better 
which is especially important for fastening the tiles and 
for the trepanning. 
e More powerful motors and changed gear ratios at the 
camera arms to reduce the time to position the 
cameras. 
ldentification and elimination of a software failure at 
the camera arm control which did not allow the 
simultaneaus movement of both camera arms. 
The complete procedure was successfully co-ordinated and 
controlled via the remote handling workstation and made 
possible the reliable and continuous work flow by a 
combination of manual and automatic operations. The RHWS 
also provides a comprehensive documentation of the 
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Fig. 8: Example of the PEXOS screen for the tile handling procedure. 
procedure including texts, operator remarks, drawings, 
photos, video sequences, graphical animations, and 
procedure step related device control commands for the 
transporter and the camera control system. This 
documentation guarantees a repetition of the procedure 
with the same quality. 
The required time for the replacement of one tile was 
approximately hal"f an hour. The most time consuming 
sequences have been the positioning of the cameras and the 
trepanning. An improvement could be possible by a 
modification of the camera system and an optimisation of the 
trepanning gear ratio to increase the speed of the forward 
feed. 
Forthe demonstrationoriginal tiles and nuts were used which 
were fabricated from carbon fibre reinforced graphite. Only 
the studs were fabricated from steel, otherwise the studs 
would have been to weak. The tests have been performed at 
daylight as weil as in complete darkness using only the 
camera lightning. ln both cases the replacement time was 
almost the same. 
Divertor plate handling 
Concerning the divertor plate handling pre-tests without a 
divertor handling unit are planned for the end of 1994 with 
the aim to demonstrate the suitability of the ABT to handle 
Ioads up to 1 ton safely and reliably. For this purpose a full 
scale divertor dummy, a simplified device for taking over the 
dummy and a rack for the storage of the dummy were 
designed, ordered and will be delivered end of September. 
Subtask 4: Manipulator Positioning Unit 
Due to the fact that this task is suspended by NET there are no 
KfK activities in this field. 
Subtask 5: Pre· and Post Irradiation Testing of Boom 
Components 
Motors, lubricants, cables 
The first irradiation tests with MACCON and MOOG motors 
were performed during the reporting period 1992/93 and are 
reported in [7,9). After having achieved a total y-dose of 800 
Kilo-Gy (Si) at the Maccon motor and 5.9 Mega-Gy (Si) at the 
Moog motor both motors blocked. Nevertheless, the gamma 
irradiation has been continued to a total dose of 6.5 Mega-Gy 
(Si). Qualitative post-examinations have shown that the 
blockage of the Maccon motor was caused by applying the 
lubricant Krytox 240AC at the bearings which has not been 
high enough radiation resistant. At the Moog motor a 
loosened screw had blocked the brake. 
--54--
According to the results of the first post-irradiation 
examinations and the results of the irradiation tests of basic 
materials in parallel, the motors have been modified, 
reconditioned and irradiated up to 10 Mega-Gy (Si) in a 
second campaign. At the following examinations no failures 
have been detected. Thus the irradiationwill be continued up 
to 30 Mega-Gy (Si) if the results of the quantitative post-
irradiation examinations which are still ongoing are in 
accordance with those of the pre-irradiation tests. 
Cables and lubricants were tested as basic materials and 
tagether with the motors. ln a further step all motor sizes to 
be applied at the operational handling equipment should be 
tested. 
Irradiation of Multiturn Resolvers for Remote Handling 
Systems 
The objective of this task is to carry out tests with modified 
hard-rad resolvers, with view to their precision and resolution 
data under severe gamma radiation and temperature 
conditions. From preceding irradiation campaigns in 1992/93 
it was known that a restricted number of wires and insulation 
foils became defective at an accumulated dose of 8 Mega-Gy 
(Si). Another resolver had failed due to the fact that its ball-
bearings had been lubricated inadvertently by the 
manufacturer. As a consequence, the organic grease had 
changed its consistency with the on-going gamma exposure 
and finally formed a totally stiff mass. 
Aga in, multiturn resolvers model GAG-65/GERWAH equipped 
with SIEMENS angular encoders were chosen and, aher 
receipt of a new series of modified hard-rad multiturn 
resolvers preparations were started for a second online 
measurement and test campaign with a couple of 
pneumatically driven resolvers in early 1994. A test facility 
was built up comprising most of the components formerly 
used with the irradiation basket. The pneumatic lines and 
sealants were renewed and, as weil all thermocouples to 
monitor the resolver's thermal profiles and spot temperatures 
became exchanged. Provisions were made for an online 
actuating and measurement system to gain the characteristics 
and error patterns with the irradiation time and a total 
gamma dose to up 30 Mega-Gy (Si). 
All pre-irradiation tests were successfully terminated in July 
'94 with both resolvers already mounted in their final 
positions in,side the test basket. ln order to provide a 
reference base, several temperature tests with alternating 
Ieveis from room temperature to up 1so•c were performed 
and their relevant error margins determined. lt was shown 
that neither the precision nor the reproducibility did exceed 
the 12 bit error ma rgins. 
The start of the second online irradiation campaign is 
anticipated for 9/94 at the BR2 reactor, MOL/Belgium, and is 
due to the local availability of the irradiation facility and the 
schedules for some other irradiation sessions in parallel, 
respectively. 
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T 43 Remote Pipe Welding and Cutting 
(former task RST 2) 
--56--
The objectives of this task are to qualify cutting and welding 
tools to be procured by the NET-Team under the ETA for 
concentric cryogenic lines and to design and specify the tools 
for remote weid inspection. 
The design, the design description and the call for tender 
specification of a set of the cutting and welding tools was 
submitted to the NET-Team atthe end of 1993. Early in 1994 a 
European wide call for tender was performed by the NET-
Team. The decision to place the fabrication order with the 
industry depends now on the approval of the CEC/Brussels 
and is still open. 
The pretest and selection of the inspection tools were 
finalized. The draft of the specification for procurement of 
the tools was prepared and submitted to NET. ln addition, the 
lzfP (institute where the tests were performed) prepared an 
offer for the delivery of a complete set of inspection tools. 
This offer is also a realistic basis for the later application of 
the inspection tools to the vvelding tools tobe conwnissioned 
after delivery by KfK. The design of the adapters for 
implementation of the sensor heads in the welding head is in 
progress. 
The FEROS test facility has been prepared for the follow-up 
commissioning and testing of the prototype tools. 
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Safety and Environment 
lntroduction: 
Within the European Fusion Technology Programme 1992-94 
the safety analyses for NET/ITER which are being performed 
in parallel to the design efforts address mainly two different 
areas: 
Safety Assessment Studies 
and 
Basic Safety Criteria 
Personnet Safety Assessment 
Analysis of Reference Accident Sequences 
Plant Safety Assessment 
(SEA 1) 
(SEA 2) 
(SEA3) 
(SEA 4) 
Plant Related Studies 
Radioactivity lnventories and Source Terms (SEP 1) 
Environmentallmpact ofTritium and 
Activation Products (SEP 2) 
Waste Management and Decommissioning (SEP 3) 
The KfK contributions to this program concentrate on: 
Analyses of reference accident sequences in super-
conducting magnets (subtask SEA 3-2) and 
Calculations of individual and collective doses to the 
public for routine and aceidentat releases of tritium 
and activation products (subtask SEP 2-2). 
The investigations on blanket safety are included in the 
blanket programme. 
H. Knuth, H.-D. Röhrig 
SEA 3 Analysis of Reference Accident 
Sequences 
Subtask 2: Magnet System Safety 
Within the subtask 3.2 KfK investigates the thermal and 
mechanical behaviour of magnet systems du ring accidents. 
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During the period reported here our work on SEAFP has been 
documented and released (1]. Additionally validation of 
MAGS [2] and accident analyses for ITER were the main tasks. 
ln terms of MAGS development a new module has been 
introduced to model arcs in and at coils. Finally due to the 
requirements of SEAFP and ITER for mailing and reporting a 
new hard- and software is introduced, and implementation of 
MAGS on a workstationwas started. 
a) Thermal analyses for the magnet system 
To simulate more realistic transients including arcs a new 
module SHORTARC has been added to MAGS. Based on the 
experimental results of Kronhardt [3] the voltage drop for 
arcs in- and outside of a coil now can be cakulated. There are, 
however, some aspects that still have to be improved: 
Accidents involving an arc usually do not have the arc as an 
initial condition, in most cases there are precursors in terms of 
temperature, current and/or voltage e.g. caused by a short or 
a fault in the electrical circuit. For these faults one should 
know better the resistance of a short or the 
voltage/temperature characteristics of a failing insulation. 
Additionally a burning arc elongates due to melting of the 
electrodes, as the length of plasma contributes linearly to its 
voltage drop these growth characteristics should be known 
for the conductors investigated. Therefore, presently only 
parameteric investigations on these accidents can be 
performed. 
ln the accident analyses for TF coils it was found that 
transients inluding a dump of the TF coil system should also 
consider poloidally closed steel structures that are located 
close to the coils such as a coil case or shear plates. The 
induced currents may generate significant amounts of heat 
that cannot be neglected in all cases. 
For accidents including shorts or arcs for the TF system of ITER 
scoping considerations have been performed. Preliminary 
results areund er discussion. 
ln the context of verification of MAGS the following activities 
have been performed. MAGS has been used to recalculate 
experiments in the test facility HEUTEX of ITP. ln these tests 
the transversal heat transfer through a cable in conduit 
conductor (cicc) has been investigated. A straight conductor 
having a reetangular cross section was heated on one side 
with an electrical heater at different power Ieveis and cooled 
by Helium at different flux rates. lt was found that with 
application of correction factors on the transversal thermal 
conductance of the cable braid and the heat transfer 
coefficient from the braid to the He coolant the experiments 
could be recalculated. 
However, with these experiments alone it was not possible to 
show that the applied corrections reflect the real situation. 
Therefore, a further assessment is planned to be done with 
the QUEnch experiments in the STAr facility (QUESTA), being 
presently under preparation at ITP. ln this experiment 
transversal quench propagation between neighbouring 
conductor turns in a coil is investigated. The coil consists of 
one layer and is wound with two conductors in hand to 
Max= 6.170; Min= 5.736 
2.000E+OO PANGAKE 
' Fig. 1: Absolute value ofthe magnetic field in mesh elements along the coil axis calculated with EFFI 
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Fig. 2: Quench propagation at different current Ieveis for the QUESTA coil 
exclude hydraulic feed back on the transversal quench 
propagation. The coil is placed in the background field of the 
STAR facility being controlled independent from the currents 
in the test coil. Precalculations of the transversal magnetic 
fie ld for the coi I a re s hown in Fig. 1. Quench is in itiated by a 
hot helium slug in the center of the coil. The evolution of the 
quenched length in the initiating cable andin the "infected" 
cable are shown in Fig. 2. One can see that it takes only few 
seconds to quench the complete coil and the difference 
quenched length between the two cables is small. 
b) Analysis of the mechanical behavior of the coil casings 
under accident conditions 
The mechanical investigations concentrated on the bucking 
structure which at fault conditions undergoes non-
axisymmetricalloadings. 
ln the former ITER-CDA-design (Fig. 3a) the bucking structure 
was a vault composed of the wedged straight legs of the TF-
coils. The mechanical analysis had to investigate the stability 
conditions of such a composed vault under asymmetrical 
loading. Forthisdesign connecting elements between the coil 
legs proved tobe crucial constructive elements. 
ln the new ITER-EDA-design (Fig. 3b) the TF-coil legs are 
bucked on the central solenoid which is supported by a 
central bucking cylinder. The cylinder is composed of 
electrically insulated radial segments. Therefore, from the 
mechanical point of view the bucking device again is a 
composed vault, but surrounded by a closed ring which is the 
central solenoid. ln this design the TF-coils are not intended 
to wedge. They transfer the radial in plane Ioad across the 
central solenoid onto the bucking cylinder. 
Comparing the two designs the last one, due to the thicker 
vault, seems rather stable. ln addition the surrounding closed 
ring (central solenoid) in principle acts as a hoop and is 
therefore a vault stabilizing element. But to analyse such a 
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Fig. 3: Bucking structure design 
composed structure with many interfaces just under friction 
contact is rather complicate and beyond standard methods. 
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ln a first step the consequences of several fault loadings of 
the TF-coils on the bucking structure have been studied. ln 
order to select the most severe loadings and to gain 
knowledge of the structural behaviour of the composite 
structure a rather simplemodelwas used. lt turned out that a 
short circuit in one TF-coil during a fast dump Ieads to the 
most unfavourable loadings concerning the stability. Hereby 
the current loading of the central solenoid is of some 
importance. The results gained sofarare under discussion. 
ln a next step the above mentioned stabilizing effect of the 
closed ring (central solenoid) on the stability of the bucking 
structure and the stressing of the solenoid will be 
investigated. Finally the gained results will have to be 
checked more rigorously by a detailed FEM calculation for the 
most criticalloading case. 
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SEP 2 Environmentallmpact of Tritium and 
Activation Products 
Due to the importance of the OBT in nutriment plants, a more 
detailed photosynthesis model has been developed. This 
stand-alone model is being tested against experimental data. 
First results showing a good agreement between plant 
physiological data from 1993 have been presented in [1]. 
Furthertests with experimentssuch as the exposure of winter 
wheat with HTO (closed chamber) will be carried out in the 
next months. The revised photosynthesis model will be then 
included in UFOTRI [2]. 
To have a rough estimate of the radiological impact from 
nuclides not yet implemented in COSYMA [3], a simplified 
version of COSYMA had been generated which allows dose 
assessments with about 290 nuclides. As in this version the 
ingestion pathways are modelled in a rather simplified way, 
an improvement is necessary. Calculations with state of the 
art food chain modelssuch as ECOSYS [4] and FARMLAND [5] 
will be performed for about 70 fusion relevant nuclides. At 
the end of 94, the updated nuclide Iist will be implemented in 
COSYMA, which allows then to perform dose assessment for 
the most important materials under discussion for ITER. 
With the evaluation program DOSELOOK [6] it is possible to 
scale and easily combine precalculated dose values of unit 
releases of up to 290 fusion/fission relevant nuclides for 5 
exposure pathways • external irradiation from the ground 
and cloud, inhalation during plume passage, inhalation of 
resuspended material and ingestion of contaminated 
foodstuffs · to get dose estimates for source terms with non-
unit release rates. DOSELOOK has been extended with the 
option to approximately scale the results in the basic data set 
to other input parameters as used for this run. To this 
purpose, a scooping tool module offers the possibility to 
change the release conditions such as building dimensions, 
stack height, site terrain obstacles, release duration, wind 
speed, stability dass and sigma parameters. Additionally 
DOSELOOK has been converted to an EXCEL spreadsheet 
program in Macintosh format. 
For accidental releases, both computer codes UFOTRI and 
COSYMA (partly simplified) have been applied for 
investigations within SEAFP (Safety and Environmental 
Aspects of Fusion Power) and ITER. Within SEAFP, dose 
calculations have been performed for unit releases (1g) of 
corrosion products from water coolant loops, of first wall 
erosion products (V-15Ti, MANET2, La12TaLC) and of 
different coating materials (beryllium and tungsten). Releases 
of 1g (3.7·1014 Bq) of tritium in HT/HTO form has been 
investigated a nd compared with the releases of the activation 
products. Additionally, the influence of a prolonged release 
duration on the individual and the collective dose has been 
investigated. First results have been presented in [7], a first 
documentation of the calculations is available in [8] and 
further documentation will be prepared until the end of the 
year. Within ITER 19 different release seenarios have been 
investigated for the two chemical forms of tritium, HT and 
HTO; 15 cases result from accidental releases, 4 cases are 
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asigned to normal operation conditions. Individual doses 
have been calculated for the Most Exposed Individual (ME I) at 
18 distances from the source. Additionally, the collective dose 
from 2 km up to 100 km has been obtained. The results are 
documented in [9]. Parameter studies about the influence of 
rain on the dose to the most exposed individual at the fence 
arestill under investigations. 
The computer code NORMTRI for estimating the doses from 
tritium releases under normal operation conditions, has been 
established in a first version in 1993. The documentation is 
now available [9]. 
Within SEAFP, dose assessments during normal operation 
conditions, have been performed for corrosion products from 
first wall primary coolant loop and for tritium in both 
chemical forms (HT/HTO) by using COSYMA and NORMTRI, 
respectively. The results of dose calculations for normal 
operation effluents will be documented till the end of 1994. 
Within ITER dose assessments during normal Operation 
conditions have been performed for tritium in both chemica I 
forms (HT/HTO) by using NORMTRI [10]. 
Within BIOMOVS II (BIOsheric MOdel Validation Study • phase 
II) study a working group has been established with the aim 
of testing and validating tritium transfer models. During the 
last working group meeting in Karlsruhe, May 3 to 6, 1994, 
the results have been discussed in detail. Modelling of the soil 
and the dynamics of OBT proved to be the critical points of 
the models. As the underlaying scenario is not an A-type ( = 
based on experiments) scenario, but artificial, no 
experimental verification of the model predictions are 
possible. The report of the model comparison will be ready in 
the beginning of 1995. As soon as A-type seenarios fortesting 
special processes in the tritium models are ready, calculations 
will be performed very likely before the end of 1994. 
The work on developing models for the assessment of doses 
to individuals and the public resulting from contamination of 
waterbodies after an accidental release of radionuclides, has 
been started last year. A model chain has been outlined, 
which covers the processes such as run-off, transport of 
radionuclides in large river systems and the behaviour of 
radionuclides in lakes. A first version of the integrated model 
chain has been completed mid 1994 [11]. Validation and tests 
with run-off data from the Chernobyl accident will be 
performed to check and improve the quality of the 
predictions. Additionally the run-off model is participating in 
a BIOMOVS-11 exercise for testing run-off models. 
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Studies for ITER I NET 
lntroduction: 
By granting study contracts to KfK, ITER/NET draws 
upon special expertise available in the laboratory. ln 
contrast to the technology tasks which extend over a 
Ionger period of time and consist in most cases of 
experimental work, study contracts are agreed on short 
notice and are of limited duration. 
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lc vs Strain Tests on Nb3Sn Strands 
The aim of the contract is to get from the running Nb3Sn wire 
production for the ITER model coils the necessary data for 
assessment of the wire production quality and the 
comparison of the measuring methods. 
A) Samples: Within a world-wide action af "Bench Mark 
Tests" the critical current Oe), hysteresis losses, RRR, Cr 
plating thickness and the ratio Cu/non-Cu have been 
tested on Nb3Sn strands, described in Tab. 1. ln extension 
of these investigations the axial strain (E) dependence of 
le has been tested on identical wires within the FBI 
facility at KfK. 
Table 1: Parameter of the Nb3Sn strands for the bench mark 
action, according to the Home Teams 
EU JA RF USA 
Manufacturer VAC Furukawa Bochvar TWCA 
Technique Bronze Bronze Bronze lnt.Sn 
Strand dia. 
[mm] 0.73 0.92 0.825 0.73 
Cu: non-Cu 1.5 1.58 1.22 1.22 
Twist pitch 
[mm] 9 20 7 9.5 
Filament alloy NbTa 7.5 n.a. Nb NbTi1 
Cr plating 
[!Jm] 2 2.5 3 0 (bare) 
Heat 
treatment 570°/144h 625°/312h 560°/150h 185°/120h 
procedure 650°/200h 650°/180h 340°/72h 
650°/200h 
B) Apparatus: The 130 mm long straight samples were 
tested in a tensile test rig, designed for max. Ioads of 
axial force and electrical current of 1 kN and 250 A, 
respectively. The axial strain (E) was measured in LHe by 
a capacitive displacement transducer using a gauge 
length of 50 mm. The magnetic field (B) was supplied 
perpendicular to the sample axis by a split coil (B :s 13 T, 
gap==1 cm). An le criterion of 1 iJV/cm was used for all 
tests. 
C) Results and Discussion: From each manufacturer (party) 
at least four identical samples have been tested. A 
typical le vs E characteristic of a VAC wire obtained at 
8 == 12 T under loaded and unloaded conditions is 
represented in Fig. 1. (The numbers indicate the 
sequence of testing). As expected, le shows a maximum 
as a function of strain. leo and lern represents the critical 
current at E==O and E==Ern, respectively, and leollern a 
measure of le degradation. le behaves reversible up to 
E1rr• that measured strain und er stressed condition, which 
represents simultaneously the higher E value tested for 
the samples from EU, JA and RF. However, in case of the 
US wire the curve of le obtained within unloaded state 
lies below that one in loaded condition. Therefore is Elrr 
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Fig. 1: Strain dependence of crit. current at B == 12 T for the 
EU sample (V AC) 
Table 2: Results of le vs E tests at B = 12 T 
Sampies leo lern lcol Ern Elrr 
Party Quantity (A) (A) lcm (%) (%) 
EU 7 87.6 90.7 0.97 0.13 >0.51 
JA 4 228.8 238.8 0.96 0.16 >0.54 
RF 5 141.1 151.3 0.93 0.16 >0.51 
us 4 121.7 126.2 0.97 0.10 >0.20 
of this wire considerably smaller than those measured at 
the other wires, as shown in Tab. 2, where the average 
values of several identical samples (quantity 4-7) of all 
conductors are summarized. 
At E = 0 and B == 12 T the le values show a scattering of up to 
38% within the bench marktest action and up to 8% for the 
FBI tests. The difference may be explained by both the various 
test facilities used and the different caution of handling of 
the samples with respectto its high strain sensitivity. 
H. Kiesel 
W. Specking 
lnvestigation of Cryo-Cascade-Concept for ITER 
and Definition ofTest Requirements 
1. Task 
For the Operation of the planned International Thermonu-
clear Experimental Reactor (ITER) vacuum pumps are re-
quired, by means of which the exhaust gases can be pumped 
under various operating conditions. Ouring the burn and 
dwell phase, a gas mixture consisting of impurities, helium, 
fuel (OT) and protium has to be pumped. To enable direct re-
cycling of the hydrogen isotopes into the reactor, the pump-
ing system has to fulfill the task of separating these gas spe-
cies from the mixture. Pumping of the exhaust gas takes place 
via the divertor slots to the pump in Iet. The available conduc-
tance between divertor and pump inlet has tobe considered. 
For safety enhancement, the number and/or size of vacuum 
vessel penetrations is minimised. This means that the pumps 
have to be arranged inside the cryostat where they are ex-
posed to high magnetic and irradiation fields. High-speed 
metal rotors and electric driving units used in conventional 
mechanical vacuum pump stations cannot be applied in this 
case. 
The validation of the concept of recycling the DT into the to-
rus, the use of cryotransfer pumps for fuel compression and 
the design of simple valves for regeneration is the focus of 
the study. 
Critical issues and development requirements for components 
as weil as the R + 0 acitvities for development of prototypes, 
including proof of principle tests should be defined. 
The work is based on the latest data provided informally by 
the NET TEAM. 
2. Requirements 
The requirements changed during the ongoing work of the 
study. The present final report has been reiterated to the da-
ta given in Table 1. These data agree with the proposals made 
du ringtheITER technical meeting on fuelling and pumping in 
January 19- 26, 1994. 
Table 5 gives a survey over the divertor pressure, throughput, 
gas composition, regeneration pressure of primary pump, gas 
temperature at divertor and pump inlet, number of pumped 
ducts and the available system conductance between divertor 
and pump inlet for the burn/dwell mode. 
Further requirements for the design ofthe pumps are: 
Separation of H/0/T from impurities and He during pump-
ing or regeneration 
99.99% purity for recycling H/0/T into torus 
- Total Tritium inventory of the primary and secondary 
cryo pump systems is limited to 60 g 
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Tab. 1: Requirements for design of primary ITER-
cryopump du ring burn mode 
Divertor pressure at 450 K 1 x 10·3 mbar 
ThroughputatTN (o•c) 300mbar 1/s 
Gas temperature 450K 
Gas composition <D 
Number of pumped ducts 10 
Required He pumplng speed 495 m3/s 
at divertor (450 K) 
+ 
Available conductance 
= 1500m3/s between divertor and pump 
inlet (450 K He) 
(j) 0.5 imp.; 0.25 H2; 8 He; 91.25 DT (vol. %) D:T 1:1 
@ 0.5 imp.; 0.25 H2; 3 He; 96.25 DT (vol.%) D:T 1:1 
+ Status Jan. 1994 
Number of divertor ducts: 24 
5 x 10·3 mbar 
1000 mbar 1/s 
450K 
® 
10 
330 m3/s 
= 1500 m3/s 
Primary and secondary cryopumps aretobe located inside 
the divertor duct 
90% ofthe H/0/T should be recycled directly into torus. 
Pressure required for H/0/T recycling: 1200 mbar. 
Temperature of the duct wall: 450- 600 K 
3. Pump concept 
The divertor pressure range for the various operation modes 
is 1 X 10·7 to 1 X 10·1 mbar. That means the pumps must han-
dle the exhaust gas in molecular or transition flow regime. lt 
is possible, that the divertor pressure changes to higher val-
ues. 
For a given throughput a pump working in the molecular 
flow condition demands the biggest cross section and the big-
gest installation volume. At higher divertor pressures the 
pumping speed of the pump increases. By means of an adjust· 
able throttle valve at the pump inletthe divertor pressure can 
be kept constant at high er pressure Ieveis. 
3.1 Cryocascade concept as primary pump with gas Sepa-
rationability (separating cryopump) 
A simplified arrangement of a three stage cryocascade cryo-
pump working in molecular flow range is shown in Fig. 1. The 
pump consists of discrete chambers for the pumping of impu-
rities, H/0/T and helium respectively. 
The exhaust gas enters the first pump chamber with 
450-600 K. This chamber can be isolated bytwo valves for re-
generation (Fig. 1, Pos. 1, 4). The inlet valve is assumed as an 
exhaust 
_____..... 
lnlet G. 
(j) Isotation and lfroltlilg elemtnt IV- ap with metal low o<llAtorl 
(Zl Prt<ool.ilg and rmtioo sliel<ing ttoovtt baffle at 80IQ 
Q) ~lits ~ slage aOUVte balne al 20Kl 
(0 Isotation el"...,l !gate valve wilh metil bellow a;tuotorl 
{2) Fue!IH/D/n pu1'lling Sl'9" ~oum bofRe ot 51<1 
@ Isotation el"...,t !gale volve with '"''ol beltow o<tuatorl 
([} He~ stage (SI( pO..Ie cooted with o<livoled crnrcooll 
@ ~ @) . Rogenetation potls 
(j)) V;mJn m.Jation and 1001< cooUng lacket 
Fig. 1: Cryocascade concept as primary pump with gas Se-
paration ability (not to scale) 
V-flap, the second valve as a gate valve for example. Other 
designs a re possible. 
For cooling down the hat exhaust gases and shielding the 
20 K pumpstructure (Fig. 1, Pos. 3) againstthe radiation com-
ing from the torus a Louvre baffle is installed in front. The 
temperature of this baffle is kept at 80 K. This will pump wa-
ter like impurities. 8ehind this baffle a second baffle kept at 
20 K is arranged. The surface of this baffle serves as pumping 
area for freezing out the air like impurities. 
The pumping panel of the second chamber consists of a Lou-
vre baffle (Fig. 1, Pos. 5) on which the hydrogen isotopes are 
frozen at 5 K. Isolation of the chamber for regeneration is ef-
fected by two cold gate valves (Fig. 13, Pos. 4 and 6). 
The third chamber of the pump has to adsorb the remaining 
amount of helium. The cryopanel is formed as a flat panel 
(Fig. 1, Pos. 7) coated with activated charcoal and cooled to 
5 K. 
The pump is installed inside the divertor duct. The cross sec-
tion has to be adapted to the trapezoidal shape of the 
divertor duct. The temperature ofthe duct wall is 450-600 K. 
To decrease the heat transfer directed to the cryopump a 
vacuum insulation and a 100 K cooling jacket araund the 
pump vessel is needed. 
The V-flap at the pump inlet has to be designed as a throttle 
valve. lt is possible to maintain the divertor pressure constant 
at higher Ieveis as the pressure inside the pump. 
For the actuation of the valves metal bellows operated with 
pressurized heliu!T' are proposed. 
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3.2 Pumptrain with primary and secondary pump without 
gas separation in the primary pump (co-pumping 
cryopump) 
The scheme of the two stage cryopump is outlined in Fig. 2. 
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® Isolotion and lhtotl(ilg ol_,l lgate volve wilh ""'ot beltw O<tualotl 
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Scheme of a copumping train (primary and secon-
dary pump) 
The primary pump is a copumping unit designed for the mo-
lecular flow range. A cylindrical pumping panel is arranged 
axially. By means of supercritical helium it is cooled to 5 K. The 
surface of the panel is coated with activated charcoal. The he-
lium and the condensable fractions of the exhaust gas are 
copumped on this panel. An 80 K Louvre baffle is located up-
stream of the 5 K surfaces and serves as a radiation shield. lt 
will pumpwateras weil as impurities. The pump inlet is con-
nected with the pumping duct via an adjustable throttle 
valve. By means of this valve, the divertor pressure can be 
kept at higher Ieveis as the pressure inside the pump. During 
regeneration, the inlet ofthe pump is closed by this valve. 
The gas mixture released during regeneration flows to the 
secondary pump. This is a cryocascade pump conceived forthe 
viscous flow range. lt consists of three axially arranged pump-
ing chambers which may be separated from each other by 
means of valves. The first and second pumping stages have 
grid structures with the inner surfaces of the individual chan-
nels serving as the pumping area. ln the first stage, the impu-
rities are condensed at 20 K. Pumping of the hydrogen iso-
topes takes place in the second stage cooled to 5 K. The 
uncondensable helium is adsorbed at a 5 K activated charcoal 
layer in the third stage. For regeneration the valves are 
closed. Pumping of the impurities and helium is accomplished 
by an external mechanical forepump system installed outside 
the cryostat. 
The valves are moved by means of meta I bellows actuated by 
pressurized helium. The pump train consisting of a primary 
and secondary pumpshall be designed suchthat it can be in-
serted into the divertor duct as a complete unit. 
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4. Pumping system 
On the basis of the design calculations it becomes obvious 
that the cryocascade pump which is used as primary pump 
with gas Separationability (Fig. 1) has three major disadvan-
tages: 
The needed inner cross-section of the pump for the 
burn/dwell mode is 0.88 m2. lf we take into account the 
space for the vacuum insulation, the 100 K cooling jacket, 
the device for remote handling, the actuators for the cold 
valves, the piping for regeneration and mechanical pump 
down it seems impossible to install this pump inside the 
duct. 
With a He-pumping probability of 15% the total He-
pumping speed amounts to 460 m3/s for 10 pumps in Op-
eration (s.Tab. 2). For the required He-pumping speed of 
495 m3/s at the divertor a conductance of 6505 m3/s is 
needed between divertor and pump inlet. This exceeds the 
now available conductance of 1500 m3/s. 
The regeneration pressure in the unvented H/D/T-pump 
chamber amounts to 102 mbar. The pressure Ievei re-
quired for H/D/T-recycling is at 1200 mbar. That means 
that an additional cryotransfer stage is needed for increas-
ing the H/D/T pressure. The ratio of volume of the 
cryotransfer pump and the H/D/T pump chamber must be 
at least 1: 11.8. 
Tab. 2: Design data for He-pumping du ring burn/dwell at 
10·3 mbar of cryocascade pump as primary pump 
with gas Separationability 
Number of Pumps in operation 10 
Gas composition He 
Pumping probability [%) 15 
Entrance diameter of pump (cm) 100 
Pumping speed for He at pump inlet 
(rel. to 450 K) [m3ts) 46 
Innerdiameter of cylindrical pump [cm) 110 
Cross section of pump with 50 mm 
[m2) 1.13 cooling jacket 
Availa ble cross section in duct [m2) 1.38 
Conductance needed between 6506 + Divertor and pump inlet [m3is) 
+ exceeds the available conductance of 1500 ml/s (Tab. 1) 
These disadvantages can be avoided by a pump concept 
which uses a copumping unit as primary pump and a three 
stage cryocascade as secondary pump. The design data are 
given in Table 3. 
Tab. 3: Design data for He-pumping du ring burn/dwell at 
10·3 mbar for primary pump of pumptrain with 
primary and secondary pump 
Number of Pumps in operation I I 10 
Gas composition He 
Adsorption factor of pumping area [%) 20 
Pumping probability normalized to 
·pump entrance area [%) 50.7 
Entrance diameter of cylindrical pump [cm) 100 
He-pumping speed at pump inlet (m3/s) 156 at 450 K 
Inner Pumpdiameter [cm) 110 
Cross section of pump with 50 mm 
cooling jacket (m2) 1.13 
Available cross section induct [m2) 1.38 
Conductance needed between 724 divertor and pump inlet [m3/s) 
Totalpressure at pump inlet [mbar) 3.2 X 10·4 
Volume of pump [I) 1425 
Max. Pumping time + [mini 14.3 
+ for 1000 mbar 1/s and gas mixture 0 
Every pump is installed in one of the trapezoidal shaped 
ducts. The primary pump has an inner diameter of 110 cm and 
a length of 100 cm, the secondary pump has a diameter of 
21.9 cm and a length of 75 cm. Around this pump there is 
enough space left for the Installation of the peripheric de-
vices. 
The maximum pressure in the H/D/T-chamber of the secon-
dary pump amounts to 2650 mbar. 
Based on this concept the system shown in Fig. 2 has been 
proposed. The pumping system comprises 24 units of which 
10 are pumping and 10 in regeneration. 4 units are in stand 
by. 4 mechanical pump units are installed outside the cryostat 
for Initial pumping down and regeneration of He and impuri-
ties. 
The critical condition for the maximum pumping time is the 
burn/dwell mode at 5·1 0·3 mbar divertor pressure and 
1000 mbarl/s exhaust gas throughput (related to 273 K). With 
10 pumps in operation we have a maximumtime of 14,3 min 
till the max. permissible localized accumulation of 60 g 
Tritium is achieved. The pumps have tobe brought in pump-
ing operation respectively regeneration stepwise with a stag-
gering period of 87 s. 
With a given chamber volume of 1425 I the pressure in the 
unvented primary pump amounts to 17.6 mbar during regen-
eration. To guarantee the separation efficiency of 99,99% the 
inlet pressure in the impurity pumping stage of the secondary 
pump is kept constant at 10·1 mbar by means of an adjustable 
throttle valve. The gas inventory will be pumped down within 
five minutes. 
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lf the pump has to deal with higher duct inlet pressures the 
flow conditions change to viscous range and the pumping 
speed increases dramatically. As a consequence the pressure 
at the divertor will be influenced by the oversized pumping 
speed. To maintain the pressure at the divertor constant on a 
given Ievei it is necessary to install a throttle valve at the inlet 
of the pumps by which the pumping speed can be adjusted to 
the respective working pressure. These throttle valves and the 
cold isolation valves are not available. They are one of the 
critical items in this field. 
5. Conclusions 
The basis for the study are the agreements for the concept of 
a torus pumping and fuel recycling system for ITER fixed in 
the minutes of the Technical Meeting on Fuelling and Pump-
ing held on January 19 - 26, 1994 at the Joint Work Site 
Garching. 
The following tvvo pump concepts have been investigated. 
a) A three stage cryocascade as primary pump with fuel sepa-
ration ability (separating cryopump). The primary pumps 
pump the exhaust gas mixture and separate the fuel. Fur-
ther fuel compression is done by secondary pumps. 
b) A pump train with primary and secondary pump without 
gas separation in the primary pump (co-pumping cryo-
pump). The plasma exhaust mixture is pumped by the pri-
mary pumps without fuel separation. Separation and fur-
ther compression of the fuel is achieved by the secondary 
pumps. 
The proposed pump system includes 24 pump units, 10 of 
them are pumping, 10 are in regeneration, 4 are in stand by. 
The pumping time of a singlepump is limited to 14.3 min. by 
the maximum allowed tritium inventory of 60 g in the pump-
ing system. 
The critical operation mode is the burn mode. During this 
mode the max. total gas throughput amounts to 300 mbarl/s 
at the divertor pressure of 10-3 mbar and for the gas tempe-
rature of 450 K which yields the required total pumping 
speed at the divertor of 495 m3Js. This value is equivalent to 
the required max. helium pumping speed. The helium pump-
ing speed available at the pump inlet is 460 m3Js for the fuel 
separating primary pumps and 658 m3Js for the co-pumping 
primary pumps. To fulfil the pumping requirements at the 
divertor a total system conductance in between divertor and 
pump inlet of 6506 m3Js (for He at 450 K) is required for the 
fuel separating primary pumping system (a) and 724 m3Js for 
the co-pumping primary pumping system (b). This means that 
the system conductance of the ITER divertor concept is suffi-
cient for a co-pumping pumping system, but it is not suffi· 
cient for a system using fuel separating primary pumps. 
Comparison of Primary Cryopump Concepts by Monte Carlo 
Calculations 
The helium pumping probabilities have been calculated for 
both primary pump versions that are technically feasible, i.e. 
co-pumping cryopump (Fig. 3) and fuel separating cryopump 
(Fig. 4). This allows the pump concepts tobe compared quan-
titatively. 
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Fig. 4: Schematic representation of the primary fuel sepa-
rating cryopump 
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On the basis of the results of the cryosorption panel test per-
formed at KfK [1) the sticking coefficients of the Sorption sur-
faces of these pumps have been determined. 
lt was assumed that the primary pumps will be installed into 
the pumping ducts and will have a reetangular configuration 
(width 600 mm, height 1600 mm). The net pump inlet surface 
is assumed to have a width of 400 mm and a height of 
1400 mm. This yields a cross-sectional area of 0.56 m2. 
Both types of pumpswill be equipped with the same shut-off 
devices. These are centrally fixed double-flap valves that can 
be opened to the inside or outside. The flaps are designed 
such that they can be used as throttling devices. Thus, pres-
sure inside the pump will always be below 1 X 10-3 mbar at an 
initial divertor pressure of 1 X 10-3- 1 X 10-1 mbar. 
For the calculation of the helium pumping probabilities, the 
MOVAK3D Monte Carlo programme was used [2). This 
programme has been developed by CLASS, KfK and was ap-
plied for the calculations of the NET divertor and the LHCO 
cryopump for JET [3]. 
The pump inlet surface is defined as the source surface of the 
simulation volume with a cosine law emission distribution. 
For the helium pumping probability calculations, the helium 
sorption surfaces were assumed to have a sticking coefficient 
of 0.5. All other surfaces were defined tobe diffuse reflectors. 
By means of the Monte Carlo computations, the following he-
lium pumping probabilities have been obtained for the two 
pumps: 
Co-pumping cryopump: w=0.340 
separating cryopump: w=0.095 
This yields the following maximum helium pumping speeds 
for particles at 600 Kat the pump in Iet: 
Co-pumping cryopump: s::= 85.6 m3/s 
separating cryopump: s::= 23.9 m3/s 
The helium conductance required between divertor and 
pumps has been determined for the critical Operation mode 
of ITER characterized by the following parameters: 
Initial divertor pressure: 1 X 10-3 mbar 
- throughput: 300 mbarl!s atT N (0°C) 
gas temperature: 600 K 
and for 24 primary pumps installed, 10 of which have been in 
the pumping mode of operation and 10 in the regeneration 
mode. The helium conductance of C<:: 2860 m3/s is needed to 
obtain the required pumping speed of 659 m3/s at divertor 
using co-pumping primary cryopumps. The separating 
cryopumps can not fulfil the pumping requirements. 
For ITER, use of the primary co-pumping cryopumps is recom-
mended, as they meet the pumping requirements and ensure 
the largest possible specific helium pumping speed. 
The Monte Carlo calculations show that co-pumping cryo-
pumps are suitable for use as primary pumps for ITER. ln con-
trast to this, the fuel separating cryopumps fail to meet the 
ITER requirements. A torus pumping and fuel recycling system 
consisting of primary co-pumping cryopumps, secondary fuel 
separating, cryopumps and external mechanical pump system 
of spiral pumps is proposed for ITER. 
There are some critical items which needs further R+O work 
before designing a prototype pump. These are: 
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Separation of fuel (H/0/T) from impurities and helium in 
the first 20 K pumpstage of the secondary pump working 
in the viscous flow range. 
- Separation of fuel (H/0/T) from helium in the 5 K pump 
stage ofthe secondary pump. 
- Testing of rapid heating and cooling of the pumping pan-
els for quick regeneration. 
Oevelopment and testing of metal bellows actuators and 
sealing configurations forthe cold valves. 
Component tests concerning the critical items and tests of 
prototypes can be performed in the HELITEX-facility available 
at KfK. 
Literature: 
[1] I. Özdemir, 0. Perinic: Comparison of cryosorption on 
thick and thin sorbent layers for cryopumping of plas-
ma exhaust gases, 18th SOFT, Karlsruhe, Germany, 22-
26Aug. 1994 
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ITER Coil and Model Coil Design and Analysis 
The final report about KfK contributions to the Magnet 
Workshops in Naka in 1993 was transmitted to the NETtEU-
Horne Team in January 1994. 
The contributions to the ITER coil and model coil design were 
in four areas. 
Field and force calculations for the TF model coil 
configuration. 
Electrical quality assurance test specification of the ITER 
coils. 
Comments to breakdown measurements of fiberglass 
reinforced epoxy sheets. 
Comments to the bladder system of the Euratom LCT coil 
used for the equalisation of tolerances between winding 
and coil case. 
While the first and second one were contributions at the ITER 
magnet workshops in form of papers and presentations, the 
third and fourth one were comments on request of members 
of the JCT in Naka. 
The final report was accepted by EU Horne Team and the 
contract is therefore concluded. 
M.lrmisch 
W. Maurer 
A. Ulbricht 
G.Zahn 
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Quench Analysis for Magnet Safety Assessment 
The prediction of the behaviour of the ITER coils (es and TF) 
under quench conditions is required as basic part of the mag-
net safety analysis. When the conductor starts to quench, 
voltages, transient helium pressures and local temperature 
gradients develop such that they have the potential to initi-
ate faults. 
The analysis of quench requires 
• prediction of the one-dimensional helium flow along the 
conductor, 
• tracing of the three-dimensional propagation of quench 
to adjacent conductors by heat conduction. 
Parameter studies have shown that the propagation of the 
normal zone with time is strongly dependent on the size of 
the mesh used in the model. Node distances in the order of a 
few centimeters are necessary to get a well-converged result. 
Due to the I arge size oftheITER coils, the number of nodes as 
weil as the number of links become very large. 
Despite this fact, as a first attempt a model oftwo inner layers 
of the central solenoid of ITER (ITER-eS) has been created 
having a node distance of 2 meters. The high-grade HP II 
conductor has been used, and current scenario of the es as 
weil as hydraulic network of the helium connection lines have 
been modeled. The initial normal zone (INZ) is located in the 
center of the first layer (high field region) over a length of 10 
meters. 
Four cases have been investigated so far: 
1. Fault in quench detection system: 
Quench starts at pre-magnetization (t=O), no dump ofthe 
coil is initiated. 
2. Fault in quench detection system: 
Quench starts at end-of-burn (t= 1000 s), no dump of coil 
is initiated. 
3. Fault in power supply circuit, i.e., the voltage at the power 
supply stays at 1 kV, no discharge ofthe coil is possible. 
4. Short between the coil terminals, no discharge of the coil 
is possible. 
The calculation results obtained sofarare as follows: 
• ease 1 is the less urgent one because the current of the es 
drops with time. 
• eases 2 to 4 are more or less the same because the current 
stays almost constant. 
• After 40 seconds, the maximum conductor temperature 
reaches 300 K. 
The maximum pressure in the conductor is about 350 bars. 
Figure 1 shows conductor temperature in flow path 1 as a 
function of time for case 4 whereas in Figure 2 pressure in 
flow path 1 is plottedas a function of time. 
r_co Fl 011 path: 
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Lll, 
~ (rn) 
Fig. 1: eonductor temperature along the conductor 
versus time 
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x (rn) ~. 
Fig. 2: Heliumpressure along the conductor versus time 
R. Heller 
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ITER Shielding Analysis 
A comprehensive task has been launched by the ITER Joint 
Central Team to analyse the shielding performance of the 
ITER device. ln a first step the shielding analysiswas limited to 
the machine itself and the effort was distributed to the four 
ITER parties. A global basis model of the ITER torus had tobe 
developed for providing a common basis for all analyses. This 
task was accomplished jointly by the US (University of 
Wisconsin) and the EU (KfK) parties. ln addition, the EU part 
of the shielding analysis covered the complete neutranies 
analysis of the central part of the ITER torus including a 
horizontal port at the outboard side equipped with different 
heating system. The EU-KfK task was devoted to the analysis 
of an electron cyclotron (EC) heating system. 
Global three-dimensional model oftheITER torus 
A global torus sector model has been developed with MCNP 
on the basis of CAD- drawings provided by the ITER-JCT. This 
model replicates very closely the geometrical configuration of 
the vacuum chamber, first wall, shielding blanket, vacuum 
vessei, toroidai fieid (TF) coii and divertor in a 7.50 torus 
sector of ITER. The neutron source term is described in a 
Special SOURCE subroutine linked to MCNP. Use is made of 
the source density distribution provided numerically by ITER 
on a poloidal-radial grid with 15251 mesh points for the 
singlenull plasma shape. 
The global torus sector model, developed jointly by the 
University of Wisconsin and KfK, has been distributed to the 
other ITER parties, the ITER-JCT and the Euratom 
Associations contributing to the ITER shielding analysis task. 
ln addition, the model is available as MCNP inputdeck from 
the ITER-JCT Garehing site including the SOURCE subroutine 
and the associated source data file. 
Torussector model with horizontal port for heating systems 
The torus sector modelwas further developed for integrating 
different heating systems of ITER. lt was extended to a 
toroidal angle of 150 and a horizontal portwas included at 
the outboard side. Finally an EC heating system has been 
integrated into the port that uses optical techniques - a 
system of waveguides and two copper reflectors, where the 
antenna system is recessed behind the vacuum vessel - to 
inject the EC wave power into the plasma. Fig. 1 shows a 
vertical cross section of the final sector model equipped with 
the EC heating system. Fig. 2 show a horizontal cut of the 
outboard section at the poloidal height ofthe blanket port. 
Analysis of the electron cyclotron (EC) heating system 
Monte Carlo transport calculations with the MCNP code and 
cross-section data from the European Fusion File EFF were 
performed to calculate neutron streaming through the port, 
the neutron flux and heating rate distributions in the mirrors 
of the EC system, to provide neutron spectra for subsequent 
activation and radiation damage calculations and for 
assessing the radiation Ioads on the TF-coil adjacent to the 
~ Shietdingmaterial 
fi!liD SleeiiSSl\61 
poloidal 
-Vacuum Vessel 
radial 
Otvertor 
Fig. 1 : Vertical cross-section of the MCNP torus sector 
model including the EC heating system 
port. Use has been made of the importance sampling 
technique available with the MCNP-code to arrive at 
statistically reliable secrings in the spatial regions of interest. 
About 3 million source neutron histories were followed in 
the final runs for both the EC mirrors and the TF-coil, each 
consuming 12 to 16h CPU-time on the IBM 3090 mainframe. 
At a fusionpower of 1500 MW the direct power generation in 
the copper mirrors M1 and M2 of the EC system (see fig. 2) 
amounts to 2.34 and 82.6 kW, respectively. The corresponding 
afterheat contribution is 0.17 and 5.5 kW, the maximum 
power density is 2.7 10-2 and 14.1 W/cm3, and the peak 
displacement damage in the copper at 3 full power years is 
6.0 10-2 and 27 dpa, respectively. Using SS-316 steel as 
shielding material in the port region results in a sufficient 
shielding efficiency with regard to the requested radiation 
design Iimits. The radiation Ioads, however, are nearly one 
order of magnitude higher than those calculated for the 
properly shielded inboard TF-coil. 
Literature: 
[1] U. Fischer, M. E. Sawan: Three-dimensional neutranies 
analysis for the electron cyclotron wave heating system 
of ITER, 18. Symposium on Fusion Technology, 
Karlsruhe, Germany, August 22-26, 1994 
U. Fischer 
TF- coil Mirrar M1 
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• Steel lSS316) 
Fig. 2: Horizontal cross-section through 
the outboard section of the torus 
sector model. 
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Long Term Program for Materials Development 
lntroduction: 
KfK holds a key position in the qualification of martensitic 
steels and their low-activation variants for application in long 
term fusion technology. 
Within task MANET-1.1 work on the characterization of the 
MANET-11 heat has been completed. The diffusion welding at-
tempts (MANET-3.2) have been very successful, but further 
optimization will be necessary. Component-related studies 
will also be continued in the frame of the Blanket Develop-
ment Programme. Within task MANET 3.2 isothermal fatigue 
has been determined and the influence of compression hold-
times causing creep darnage could be identified by fracture 
surface analysis. Thermal fatigue shows a similar effect of the 
high temperature half cycles. For thermomechanical fatigue 
an extrapolation method for the ultimate number of cycles Nt 
was developed. 
The irradiation-induced hardening of martensitic steels was 
further investigated by impact tests (MANET 3.4). After a 
complete data set had been established for the SIENA irradia-
tion a new low dose/low temperature irradiation series 
(MANITU) has been started. 
The dual-beam method has been further used to simulate fu-
sion conditions (MANET-5). The experimental activities have 
in this reporting period been focused on temperature de-
pendence as weil as the influence of helium and hydrogen in 
post-irradiation tensile tests, and on in-beam fatigue tests at 
2so•c. 
Within task LAM 2.1 European activation calculation codes 
and data files have been further improved. Comparative cal-
culations of dose-rates after fusion reactor shut-down show 
that the "hands-on" Ievei will never be reached for Sie type 
materials if sequential reactions are properly taken into ac-
count. For V-alloys the low activity potential will depend very 
much on the impurity content of a technical material. 
H.D. Röhrig 
LAM2 Nuclear Data Base for Low Activation 
Materials Development 
1. Code- and Library Developments 
The European Activation System (EASY) and the European 
Reference Code FISPACT, which have been selected in the 
ITER community as reference codes for calculating radio-
activity and other radiological properties have recently been 
further improved by the introduction of sequential (x,n)-
rections with loaded particles at KfK [1). Fig 1 shows a flow 
chart of the FISPACT code and indicates the KfK-contributions 
necessary to include sequential reactions. The spectra and 
reaction cross sections for charged particles, provided in 
KFKSPEC and KFKXN were determined by model calculations 
using ALICE, since experimental data were scarcely available. 
The differential ranges of loaded particles, collected in the 
library KFKSTOPP were computed with the well-established 
code PRAL, further improved and modified by KfK. The files 
contain data for all elements from hydrogen to curium 
(Z = 1-96). This code development has now been brought to 
a preliminary end and the most recent data files have been 
introduced into EASY. 
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Fig. 1: Flow chart of the FISPACT code including sequential 
(x,n)-reactions: Hatched areas indicate code 
modifications by KfK. 
--75--
2. Consequences of Activation Calculations for Material 
Development 
The detailed calculations have shown that in 17 of 81 
investigated elements an increase of at least one order of 
magnitude for one of the four calculated radiological 
quantities - activity, dose-rate, decay heat or biological 
hazard - has been observed by considering the sequential 
(x,n)-reactions. This is valid for basemetals and major alloying 
elements like vanadium, chromium and manganese, but also 
for minor alloying elements and impurities like N or Y as a 
desoxidation medium. So-called "critical elements" like Ag 
and Bi which have earlier been identified as very important 
impurities for Iengterm activation even in very low 
concentrations, are fortunately not affected by sequential 
(x,n)-reactions; i.e. their values for maximum allowable 
concentrations need not be increased. Detailed informations 
about the effect of sequential (x,n)-reactions in single 
element inventory calculations on several radiological 
quantities are given in [2]. 
A first guide-line for the selection or development of alloys 
with low longterm activation can be derived frorn the 
radiological properties of elements which form the basis for 
technical materials. As a first criterion the time after shut-
down of the reactor, in which the so- called hands-on Ievel of 
doserate is achieved can be used. A comparison of dose-rate 
data is given in Fig. 2 for elements like Si, Ti, V, Fe and others 
after irradiation corresponding to an integrated wallloading 
of 12,5 MWyfm2. According to these data ceramic composites 
of type SiC (SiC/SiCt) will never reach the hands-on Ievel of 
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Fig. 2: y-dose rate after irradiation with neutrons of 12.5 
MWa/m2. 
25muS/h and a similar condusion can easily be drawn for Al-
based alloys. 
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lron , the base metal for the best-known dass of technical 
materials, reaches the hands-on Ievei after about 100 years 
and hence fulfills the requirement for material recycling and 
waste deposition. The actual behaviour of specific iron-based 
alloys like ferritic- martensitic steels is, however, more 
dependent on the appropriate selection of alloying elements 
like Mo, Nb, W,Ta and others, as has recently been 
investigated [3]. ln Fig. 3 the dose-rate decay data for an 
optimized ferritic-martensitic steel, denominated as OPTIFER-
reference, developed at KfK are compared with those of 
SiC/SiCf composites and a V- 5Cr-5Ti alloy. 
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Fig. 3: y-dose rates forthree candidate structural materials. 
The dass of vanadium-chromium-titanium alloys offers 
theoretically a break- through to a dass of alloys with an 
extremely low longterm activation, as can be expected, if only 
the results of the dose-rate calculations for the pure elements 
in Fig. 2 are taken into account. However, in order to achieve 
this low Ievei of radioactivity the concentrations of "critical" 
tramp elements with a high longterm radioactivation have to 
be extremely low, as has been recently quantified in [2]. lf, 
however, realistic impurity concentrations which can at the 
best be achieved with present production technique are 
assumed , the actual advantage of V-Cr-Ti alloys in 
comparison to the optimized ferritic steel of type OPTIFER is 
only about one order of magnitude. 
ln conclusion, the improvement and further development of 
the methods for calculating important radiological quantities 
is an important prerequisite for the development of structural 
and functional alloys with a reduced radioactivity. 
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LAM3 Development of Low Activation 
Martensitic Steel 
Martensitic chrome steel types with little tendency to 
activation are being developed as materials for the First Wall 
and the blanket structures of fusion machines. This requires 
among others that major alloy elements such as Mo, Ni, Nb 
and Si, cannot be used. The results of activation calculations 
have recently been published [1] and have led to the 
specification of several Fe-Cr-alloys with V, W, Ta as minor 
alloying elements and Ce and Y as desoxidation media. Five 
alloys of this OPTIFER-series have been melted in 30 kg 
quantities by the Saarstahi-Company in a vacuum induction 
furnace and remelted in a vacuum-arc furnace and the cast 
ingots were then forged to 25 X 25 mm rods. Though in the 
material specification also the max. allowable concentrations 
of the tramp elements were given, it was dear that such 
tough specifications could not be fulfilled for these 
laboratory alloys because necessary high-purity material for 
the main ingots (esp. Fe) was not available. A comparison of 
the demanded low concentrations of undesirable elements 
and their actual concentrations gives a feeling which Ievei of 
purity can be achieved by using the conventional way of steel 
making. 
ln the following first results of the metallurgical and 
mechanical properties of the OPTFER-alloys are given: 
ln Fig. 1 the kinetic of the continuous transformation 
time diagram, CTT, is given for the CETA- and two 
OPTIFER alloys. According to these data, an undesirable 
perliteformationwill only be expected, if cooling rates 
slower than 5°C/min are applied in the relevant 
temperature range between 800 and 500°C. This 
guarantees a fully martensitic structure even for thick 
structures, when applying the usual cooling 
procedures. ln comparison to MANET II a very similar 
behaviour is observed. 
A further observation is in comparison to MANET II- an 
increase of the Ac1-temperature by 30-50°C. This is 
advantageaus because the tempering temperature can 
be increased by the same T, which could eventually 
lower the DBTT. 
The hardening and temper behaviour of the W-
containing OPTIFER-alloys corresponds to the CETA-
alloy in Fig. 2, whereas the Ta-alloy has a lower 
hardening Ievei. This can be correlated with the 
promoted formation of primary Ta-carbides. After 
tempering at 750°C the hardening of all alloys is very 
similar. 
The tensile strength data a re for the g iven test 
temperature range from RT to 650°C higher than for 
the CETA-alloy, the latter provides higher ductility 
values, Fig. 3. 
The most important result is the strong improvement 
of the fracture toughness data of some of the new 
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alloys, as manifested in Fig. 4a,b. ln comparison to 
MANET II and CETA, the OPTIFER-alloys on the basis of 
CrWVTa (Heats 664 and 667} have a much higher upper 
shelf energy in impact tests and in addition a much 
lower DBT-temperature. The alloy based on CrVTa, 
however, does not show any improvements and can 
hence be excluded from further examinations. 
Finally in Fig. 5 the results of the chemical analysis of 
some elements of the OPTIFER-alloys are plotted and 
compared with the max. allowable concentrations of 
undesired elements. Most important for the longterm 
activation is the high concentration of Nb, which 
exceeds the max. allowable concentration by three to 
four orders of magnitude and hence governs the 
longterm activity. 
The dependence of the tensile strength upon the tempering 
temperature and the test temperature was investigated in 
collaboration with CIEMAT. The long-time resistance against 
tempering influence ("aging") and creep-rupture tests are 
running. 
The microstructural investigations show, that the grain 
boundaries are decorated with M23 C6 (M = Cr+ other metals), 
and Ce fix the S-impurities and so improves the ductility. 
Literature: 
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Fig. 5: Undesirable tramp-elements in LA-steels 
MANET 1.1 Characterization and 
Optimization of MANET-11-Steel 
A martensitic stainless steel, MANET-11, with 10% chromium 
has been developed as a material for the first wall and 
blanket structures of a fusion device. Forthis application the 
DBTI of impact tests has tobe as low as possible and the 0.2% 
offset yield strength must be high.The upper shelf energies of 
MANET-11 are sufficient, but the DBTI of the impact energy is 
still too high (ca. O"C). Therefore, an improvement of the 
mechanical properties tested here had been attempted. The 
austenizing temperature TAu and the annealing temperature 
TAN had been varied systematically. Figure 1 shows the 
DBTI=T (Av=90J) and the 0.2% offset yield strength, Rpo. 2 
(500"C), in dependence of the thermal treatment. The most 
advantageaus combination of high strength and low DBTI 
has been reached using TAu=900"C and TAN=700"C. This 
tempering improves the DBTI from O"C to - 30"C an the yield 
strength from 456 to 518 MPa [1). 
As is obvious from the notch bar impact tests, the transition 
temperature attained for the second MANET chargewas far 
better, this may be attributed above all to the reduction of 
the zirconium content from 0.1% about 0.01%. ln MANET I 
charge, the large Zr (C, N) primary carbides considerably 
influenced the fracture behaviour. Now, Zr (C, N) still is tobe 
found on the fracture surfaces, fracture behaviour, however, 
is no Ionger affected that strongly by it. By addition of 
zirconium, the adverse effect of MnS could not be reduced, as 
the sulfur not occur in the form of a mixed crystal with 
zirconium. Sulfur is captured by Zr (C, N), but as complete 
MnS. This means that MnS and NbC exist in the form of bead 
surrounding the Zr (C, N) and again a separation of MnS and 
the matrix ta kes place. 
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MANET2.3 Diffusion Welding 
Within the framework of activities to develop construction 
elements for highly loaded blanket structures of a DEMO 
fusion reactor a technique of diffusion bonding is ivestigated 
which allows structural plates with inner coolant channels to 
be made from MANET 2. 
ln two test series the most vavourable diffusion bonding 
parameters were determined und specimens for quality tests 
were fabricated. ln a first test series involving small specimens 
provided with coolant and inspection channels, 80 mm in 
diameter, the most favourable bonding parameters were 
determined for conditioning the surfaces tobe joined- rolled, 
milled, ground surfaces or surfaces with intermediate nickel 
layers · as weil as for pressure and temperature. 
ln a subsequent step three specimen plates, 320 mm in 
diameter (Fig. 1) and provided with a typical first-wall coolant 
channel geometry, were bonded using the optimum 
parameters. 
N 
N 
Fig. 1: 
10 
Plate A 
Plate 8 
MANET 2-plates for diffusion bonding tests. 
The bonding tests were performed on behalf of KfK by the 
Forschungsinstitut für Kerntechnik und Energiewandlung, 
Stuttgart. ln the high-vacuum diffusion bonding facility of 
that institute parts up to 330 mm in diameter can be bonded. 
Heating is achieved through radiation by a medium-
frequency heating system; the maximum temperature 
attained is 18oo•c. The mechanical pressure is supplied by 
hydraulic displacement of plungers and pressure plates. The 
distance covered by the plunger is 520 mm so that several 
pairs of plates can be bonded in one operation. 
Results 
The best bonding results have been obtained for the 
specimens with finely ground surfaces · roughness :s;3 ~m · 
and for specimens with an electroplated, about 20 ~m thick 
intermediate nickel layer. The bonding temperature was 
98o•c and 105o•c, respectively. Bonding was made in two 
phases of one hour duration each. During the first phase the 
roughness peaks were adjusted at high pressure • 30 MPa and 
18 MPa, respectively · until complete contact of the faces was 
achieved; this was followed by diffusion bonding at 7 MPa 
pressure. 
Bendingtests with these specimens showed that the strength 
was nearly equivalent tothat of the base material. 
Figure 2 is a micrograph of a specimen with finely ground 
faces tobe joined. The positions of the faces of the two plates 
tobe joined have been marked by arrows. A regular structure 
with fine grains can be observed beyond the bonded zone 
into the base material. 
He-ieak tests performed on the three 320 mm specimen 
plates at 80 bar and 150 bar internal pressure of the cooling 
coils provided evidence of tightness conforming to the 
detection Iimit of the instrument used in the leak test. The 
narrowest bonded line was 2 mm in width. 
G. Reimann 
Plate 1 
Plate 2 
50 X Cooling Channel 
Fig. 2: Mieregraph of a diffusion bonded specimen. 
MANET3.2 Pre- and Post-Irradiation Fatigue 
Properties of MANET Steel 
Thermal cycling of !arge components is a serious problern for 
the designer. The structure considered in the present case is 
the first wall of a fusion reactor. lts surface, in the actual 
design concept, will be subjected to radiation heating from 
the plasma facing side which may Iead to severe thermal 
stresses. Due to the discontinuous operational mode, thermal 
cyding will generate oscillating temperature gradients. 
These, depending on the loading conditions, will cause elastic 
or elasto-plastic reversed deformation, giving rise tothermal 
fatigue which at present is considered as the most 
detrimental lifetime phenomenon for the structure 
considered. The investigations of MANET 3.2 are devoted to 
this problem. 
The studies tobe reported within MANET 3.2 are: 
The influence of temperature and hold-times upon 
isothermallow-cycle fatigue behaviour of MANET I and II 
at 450'C and sso•c and a strain rate of 3 X I0-3/s on S-
GRIM specimens. 
Prediction of number of cycles to failure of thermal 
fatigued MANET I from isothermal LCF data of MANET I. 
Comparison between thermal fatigue data from 
hourglass shaped and cylindrical MANET II samples. 
1. Isothermal Fatigue of MANET 
Tests on MANET I with hold-times in tension and compression 
(symmetrical hold-times) have been finished. The results 
show, that there is only a small additional decrease of the 
number of cycles to fracture, compared with results of 
compression dweil-time tests. ln order to minimize test times 
of further tests on this type of material, it therefore seems to 
be adequate, to take mainly into consideration compression 
hold-time tests. An example for the different loading 
conditions (hold-time=three minutes) is given in Fig. 1 for a 
test temperature of 4so•c. This behaviour can also be 
observed at sso•c. 
Fracture surfaces of MANET I specimens, tested at sso•c with 
hold-times in tension up to 30 minutes, show characteristic 
fatigue striations, which mark the position of the crackfront 
after each fatigue cycle. This gives an indication, that - in 
contrast to austenitic steels - fatigue darnage plays the 
dominating role and consequently the number of cycles to 
fracture is less reduced for this type of test as compared to 
compression dweil-time experiments. 
ln contrast to the above mentioned behaviour, for tests under 
compression hold-time conditions a structure can be 
observed, which is predominantly similar to a dimpled 
fracture. The smaller number of striations is an indication, 
that for this loading type mainly creep darnage is the 
dominating darnage mode. The dimples may be crack 
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Fig. 1: Number of cycles to fracture versus strain range for 
different hold-time loading conditions for S-GRIM 
specimens of MANET I. 
initiators, which decrease the number of cycles to fracture 
significantly, more than found intensionhold-time tests. 
For the second heat of DIN 1.4914, MANET II, the AI/N- ratio 
has been raised to a higher Ievei in order to avoid creep 
instabilities, mainly at higher temperatures. Fatigue tests on 
MANET II are on the way to examine, to what extend this 
improvement of chemical composition has an influence on 
lifetime. This is of general interest, especially for hold-time 
experiments, if creep darnage is involved in the failure 
mechanism. 
First results on S-GRIM specimens for a test temperature of 
sso•c are plotted in Fig. 2. There from it is obvious, that the 
numbers of cycles to fracture for MANET II {open circles) are 
about 30% lower as compared to MANET I (closed circles). 
2. Thermal fatigue of MANET 
2.1 Thermomechanical fatigue of MANET I 
Thermomechanical and isothermal strain controlled fatigue 
(TMF and LCF) experiments had been performed in air on hol-
low hourglass samples of MANET I in the tempered condition 
of 7so•ct2h. The cyclic Ioad behaviour of a TMF data set can 
be simulated by tensional LCF data at the lower temperature 
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as weil as by compressional LCF data at the higher tempera-
ture of a TMF experiment. But the number of cycles of TMF 
data are very different from LCF data. As an extrapolation 
method, to extend the LCF data set, a two parametric 
allometric function from [1] gives a good agreement. Tode-
fine a criterion for the prediction of number of cycles to fail-
ure Nt a combination of two equations is utilized, calculating 
plastic strain cp1-values and from these the Nt values. 
The calculated Ioad range values are correlated with !:pl" 
values by another equation from [2]. The resultant prediction 
is very good. Finally gives a failure criterion the last equation. 
This equation will be solved iteratively by increasing !:pl from 
cp1 (N = 1) to !:pl (N = infinity). The cutting point of this curve 
with the predicted one gives the requested Nt value. 
A preliminary comparison between predicted and experimen-
tal Nt val ues from TMF experiments seems tobe encouraging. 
2.2 Thermal fatigue of MANET II 
At present the ferritic-martensitic Cr-steel MANET II is under 
investigation. This steel hastheGerman Steei Denomination 
Nr. 1.4914. The MANET II material has the Heat Nr. 50805. 
Hollow hourglass shaped as weil as cylindricalspecimen were 
fabricated from MANET II perpendicular to the rolling direc· 
tion and in the centerline of the sheet · and than heat treat-
ed. 
MANET II samples had been thermally fatigued by triangle 
temperature cycles with constant heating and cooling rates 
T= ± 5.8 K/s in a range of a fixed low temperature TL (200"C) 
and a variable high temperature T H (600"C to 700"C). 
Due the fact, that the fatigue testing device is no enabled to 
control neither the total mechanical strain range ßEt,m nor 
the stress range ßo, quantities like ßo, ßct,m and the plastic 
mechanical strain ßep,m change with number of cycles. Hence 
only the measured values at Nt/2 are taken for any compari-
son. 
The small thermal elongation of the ferritic · martensitic 
steels causes total mechanical strain ranges of both kinds of 
samples between 0.3% and 0.6% during triangular thermal 
fatigue experiments. From the data sets of thermally cycled 
cylindrical and hourglass samples of MANET II the total me-
chanical strain ranges b.f:t,m at Nt/2 are plotted versus the 
number of cycles to failure Nt in Fig. 3. By increasing ßT, ßcp,m 
at Nt/2 increases and Ieads to smaller Nrvalues. This effect is 
mainly driven by the ßT-influence on the plastic mechanical 
strain ßcp,m at Nt/2, which is plotted versus Nt for both kinds 
of MANET 11-samples in Fig. 4. The ßcp,m·values at Nt/2 range 
from 0.015% up to 0.2%. 
With increasing ßT the amount of plastic mechanical strain 
range increases due to the growing compressional creep 
contribution at each high temperature cycle. 
ln fig. 5 are compared the total stresses ßot at Nt/2 from both 
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kinds of MANET 11-samples, obtained du ring thermal fatigue. 
The Aot·values at Nt/2 of MANET II increase up to a maximum 
value of about 600 Mpa with increasing AT and AEt,m at Nt/2. 
Generally can be stated from this comparison, that the sample 
geometry has a neglectible influence on thermal fatigued 
MANET II data, if the gauge length is 8 mm, as it is applied in 
case ofthermal fatigue experiments. 
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MANET3.4 Pre- and Post-Irradiation Fracture 
Toughness 
The use of ferritic-martensitic steel alloys as structural 
material for the first wall and blanket of a future fusion 
device is advantageaus because of their small tendency for 
swelling, irradiation creep and high temperature irradiation 
embrittlement (caused by helium). But like all materials with 
body centered cubic lattice ferritic-martensitic alloys show a 
low temperature embrittlement. This negative effect is 
worsened by neutron irradiation. A possible application of 
ferritic-martensitic alloys within fusion technology primarily 
depends on their irradiation induced embrittlement 
behaviour. So the aims of the investigations in subtask 3.4 
MAN-3038 are 
e the characterisation of radiation embrittlement 
dependent on irradiation temperature and exposure 
dose, 
e a reduction of the ductile-to-brittle transition 
temperature (DBTT/ by variation of the chemical 
contents and material structure of diffeient alloys, 
e the characterisation of the radiation hardening recovery 
(self annealing behaviour) of irradiated steels. 
The embrittlement studies are carried out using results of sub-
size Charpy impact tests with miniaturised notched-bar 
specimens. The radiation recovery is economically measured 
by hardness tests on the available parts of Charpy specimens 
afterdifferent annealing treatments. 
Experimental details 
The impact tests were carried out in high preCISron 
instrumented impact test facilities developed at IMF-11. Two 
installations are available for the experiments, one of which 
was installed in a Hot Cell for examining irradiated specimens. 
Technical data: impact velocity: 3.85 m/sec, sampling rate: 1 
MHz, semi-automatic specimen warming, cooling and loading 
system with a test temperature range of- 18o•c to+6oo•c 
and PC-controlled test execution. The type of specimen used 
is specified in the European Standard under the term of KLST 
(3 mmX4 mmX27 mm, notch depth 1 mm). 
Within the experiment FRUST/SIENA KLST specimens 
fabricated of MANET-1 steel with different heat treatments 
were irradiated in the HFR in Petten at temperatures of 
29o•c, 370°C, 390°C, 420°C and 470°C to doses of 5 dpa, 10 dpa 
and 15 dpa. This irradiation experiment is completed and 
most of the specimens have been tested. 
Within the low dose experiment MANITU (sometimes 
referred to as SIENA-li) several 9-12% CrMoV(Nb) steels 
including MANET and 7-10% CrWVTa low activation alloys 
including OPTIFER are irradiated at temperatures of 25o•c, 
3oo•c, 3so•c, 4oo•c and 45o•c to exposure doses of 0.2 dpa, 
0.8 dpa and 2.4 dpa in the HFR. The purpose of this 
--88--
programme is to select the most promising alloys as weil as to 
fill the parameter gaps of FRUST/SIENA. 
Results 
The irradiation induced embrittlement is characterised and 
represented by the rise in transition temperature and decline 
in the upper shelf energy which are referred to as DDBTT and 
DUSE. 
On the basis of the great number of specimens irradiated and 
tested at various conditions it was possibleto describe the im-
pact characteristics of MANET-1 type steel as a function of 
heat treatment, irradiation temperature and dose. 
ln the unirradiated condition normalisation treatment 
slightly improves the impact characteristics of MANET-1 type 
alloy. The best properties are achieved by normalisation for 
two hours at 9ao•c. After irradiation the influence of 
normalisation temperature was within the normal scatter of 
results, i.e. no difference in behaviour can be recognised 
between the test materials normalised at 9so•c and 9ao•c, 
respectively. The transition temperature (DBTTj decreases 
essentially as a linear function of the tempering temperature 
in the range between 6oo•c and 78o•c (in the range between 
7so•c and the tempering Iimit at 78o•c a slight deviation from 
this linearity is found). The relationship between the upper 
shelf energy (USE) and the tempering temperature can be 
fitted by a quasi exponential relationship. Further, the Charpy 
results have shown, that the irradiation induced shifts of the 
impact properties (DDBTT and DUSE) are not influenced by 
the tempering treatment. This Ieads to the more general 
assumption that these shifts are independent of the initial 
material constitution (within the samematerial composition). 
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ln MANET-1 type steel quasi saturation in the deterioration of 
impact properties is occurring at a dose range of approx. 
10-15 dpa (see Fig. 1). Foramore precise determination of 
the dose dependence experiments at radiation doses below 5 
dpa would be necessary. This is one of the objectives of the 
MANITU program. lf it turnsout that saturation starts at even 
lower dose Ieveis there would be no practical benefit from 
recovery treatments. Nevertheless first results of self 
20 
annealing tests have turned out that a post-irradiation heat 
treatment, e.g. 450°C for 30 minutes, Ieads to a remarkable 
recovery in hardness and impact properties. 
On the basis of the findings mentioned above, the DDBTI and 
DUSE values were combined to one data set, independent of 
the different tempering temperatures. The influence of 
irradiation temperature on the DDBTI Ieveis is now plotted in 
Figure 2. The curve drawn through the measurement points is 
weil evidenced in the upper temperature range, where the 
zero line is practically reached above an irradiation 
temperature of approx. 500°C. As the results with the DUSE 
Ieveis show the same, one can state that at irradiation 
temperatures above approx. 500°C there is practically no 
radiation induced deterioration in the impact characteristics. 
On the other hand, while the increase in DDBTI values is still 
moderate for irradiation temperatures down to 370°C there is 
a remarkable rise between 370°C and 290°C. This might be 
explained by the fact that self-annealing of irradiation-
induced defects can no Ionger take place at the lower 
temperatures. For a better understanding of the Charpy 
properties especially at irradiation temperatures below 370°C 
we certainly need further experiments. But a comparison with 
tensile test results already Ieads to the hypothesis, that a 
plateau of embrittlement is reached at an irradiation 
temperature below 340°C. This would correlate with Charpy 
impact tests of another 1.4914 type steel (wrapper tube alloy) 
irradiated at temperatures of 260°C, 310°C and 350°C to 
exposure doses of 2-3 dpa. Basedon the above assumptions 
the shaded curve has been incorporated in Fig. 2. 
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Conclusions 
The results of the FRUST/SIENA programme have shown that 
the irradiation induced embrittlement with MANET-1 type 
steel becomes a problern below temperatures of 370°C. 
Appropriate heat treatments can improve the absolute values 
of DBTI and USE but do not affect the radiation induced 
shifts. So the next step is to examine, within MANITU, 
whether or not the other fusion relevant alloys come up with 
better before- and/or post-irradiation properties. 
However, the very next step within the Long-term Materials 
Development Programme should be the start of a new 
irradiation experiment including a few structural materials 
selected on the base of the first results from MANITU. The 
irradiation parameters should be chosen as fusion-relevant as 
possible, i.e. high neutron fluence for high dose Ieveis and 
especially low irradiation temperatures. With the results of 
these examinations (together with MANITU) we should be 
able to complete the Assessment Phase I concerning the 
ferritic-ma rtensitic steels. 
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MATS lon-Beam Irradiation Fatigue and 
Creep Fatigue Tests 
The Dual Beam Facility of KfK, where a-particles ( S40 MeV) 
are focused onto a target, was developed as a research tool 
for materials within the European Fusion Technology 
Programme. This high energy Dual Beam Technique allows 
the simulation of fusion neutrons by the systematic variation 
of hydrogen, helium, and damage production in thick meta! 
and ceramic specimens as weil as the simulation of Tokamak 
relevant thermal and mechanical Ioads in proposed plasma-
facing materials. 
A specific feature of next step tokamak fusion devices are the 
plasma burn and off-burn periods. Depending on the 
operating conditions and the thermal conductivity of plasma 
facing structural components, these oscillating temperature 
gradients will cause thermal fatigue or creep fatigue which 
under neutron irradiation are considered to be one of the 
main lifetime-limiting failure modes. After several years of 
development novel experiments can be performed at the 
cyclotron facility of KfK, which allows a close simulation of 
realistic fusion conditions by simultaneaus irradiation and 
fatigue loading. Detailed results on in-beam fatigue 
experiments at 420°( under fusion relevant loading 
conditions are published in the previous annual report. 
A comparison of in-beam fatigue tests with unirradiated 
control and with conventional postirradiation tests has e.g. 
shown, that at least in MANET steels any fatigue life 
reduction in irradiated specimens can be linked to irradiation 
induced hardening. The importance of irradiation hardening 
is further confirmed by recent investigations showing a 
strong correlation between the irradiation induced strength 
and the deterioration of impact properties. Therefore, we 
have focussed in this reporting period the experimental 
activities mainly on postirradiation tensile tests to generate 
complete data sets on the temperature dependencies of the 
strength and ductility behavior as weil as on the influence of 
helium and hydrogen. ln addition to displacement damage 
helium and hydrogen has been introduced because for the 
next generation of fusion reactors production rates of about 
100 appm He/yr and 400 appm H/yr are expected in typical 
structural alloys. The material used in this investigation was 
the ferritic/martensitic 12% Cr steel MANET I in the tempered 
condition. 
1. Tensile properties after irradiation 
A large number of sheet tensile specimens was 
simultaneously implanted between 80 and 500°C appm 
helium and 500 appm hydrogen at the Dual Beam Facility of 
KfK. The irradiations were performed in helium gas using a 
degraded 104 MeV a-particle beam to adjust the helium 
production rate and a degraded 30 MeV proton beam to 
adjust the hydrogen and damage generation rates. Special 
emphasise was put on faily low helium, hydrogen and 
damage production rates. After irradiation the specimens 
were tensile tested together with unirradiated control 
specimens at test temperatures equal to the irradiation 
temperature in a high vacuum furnace at a constant nominal 
strain rate of i:=1.2X10·4 S-1. ln figs. 1 and 2 the tensile 
properties of specimens simultaneously implanted with a-
particle and protons are shown and compared with only a-
particle implanted specimens. These figures represent by far 
the most complete data sets with respect to the temperature 
dependeny of tensile properties after irradiation. The main 
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Fig. 1: Temperature dependency of the yield stress (a) 
and the total tensile stress (b) for MAANET I before 
(open symbols) and after irradiation (closed 
symbols). 
Differences between helium implanted specimens and 
specimens simultaneously implanted with helium and 
hydrogen could not be observed. Therefore, synergistic 
effects between hydrogen, helium and irradiation induced 
defects, if any, do not play a significant role on strength, 
ductility and embrittlement in the investigated parameter 
range. 
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Fig. 2: Temperature dependency of the uniform 
elongation (A) and the total elongation (b) before 
and after irradiation. 
The irradiation induced yield strength change (200 MPa at 
10o•q decreases moderately with increasing temperature up 
to about 350°C and then changes rapidly into softening 
(about 50 MPa above 450°C). Although the dpa-dose was 
limited to 0.3 dpa, the irradiation induced hardening l1o1rr is 
obvious. By analyzing various strengthening contributions 
the authors have shown, that a barrier model describes weil 
the observed hardening in He-implanted specimens. it 
became also obvious, that l1o1rr is mainly governed by the 
displacement damage. in that picture neutron irradiation 
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induced hardening in the presence of helium occurs by the 
same process that occurs during dpa darnage alone: Helium 
tends only to stabilize these defects. 
Apart from the temperature region of dynamic strain aging 
(DSA), both uniform and total elongation were observed to 
be moderately sensitive to the implanatations (fig. 2). The 
reduction in total elongationwas found tobe less than 20% 
above 450°( and less than 55 % in the low temperature 
hardening region. Even in the temperature region of DSA 
there is no indication of a change in the fracture mode. Under 
all conditions investigated the rupture mode remains always 
ductile and transcrystalline. However, significant changes in 
ductility occurred between 280 and 35o•c, where DSA was 
observed. in that temperature region, yield strength is close 
to ultimate tensile strength and uniform elongation drops 
from 3 to 0.3%. This small uniform elongation means, that 
little work hardening occurs, i.e. that total elongation is 
dominated by plastic deformation during the necking of the 
gauge length. ln contrast to strength properties, helium 
generally has a significant effect on ductility and 
embrittlement below about 45o•c: From a comparison with 
various neutron irradiation experiments it turns out, that at 
least below about 5 dpa the observed ductility reduction in 
helium containing specimens is governed by the helium 
concentration rather than by the dpa dose. 
Fig. 1 and 2 also show, that below about 2oo•c, where 
neutron irradiated specimens arenot available, l1o1rr and the 
ductility reduction increase only moderately with decreasing 
temperature. Irradiation experiments around 2oo•c should 
therefore sufficiently describe also many low temperature 
properties. 
Broad TEM investigation on irradiated and tensile tested 
samples confirm the general consensus of published data, 
that martensitic/ferritic steels like MANET show superior 
resistance against void swelling and high temperature He-
embrittlement. The He-related swelling is less than 0.05% at 
all temperatures investigated and even after implantation of 
3500 appm He, the bubble radius remained weil below the 
critical radius for vacancy driven cavity growth. 
2. ln-beam fatigue tests at 250'( 
While in-beam fatigue tests without and with 2 min hold 
tim es have been completed at 400- 45o•c, first in beam 
results on continuously push-pull (R= 1) fatigue tested 
specimens at 250°( are available. ln contrast to all 
conventional postirradiation tests the build-up of irradiation 
hardening with increasing dpa dose seems tobe retarded at 
that temperature. Obviously during the cyclic motion of 
dislocation a fraction of irradiation induced point defects 
annihilates or is swept on inner surfaces. The first results at 
25o•c confirm the general trend, that radiation hardening is 
the main life time controlling mechanism. 
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Test Blanket Development 
lntroduction: 
Within the European Fusion Technology Program blanket 
development is divided into work for the ITER basic machine 
and work for the DEMO-reactor. After establishing two 
European working groups KfK has concentrated its efforts on 
the development of DEMO relevant test blankets tobe tested 
in ITER. ln the DEMO-reactor, the potential of a fusion 
machine to produce electricity shall be tested for the first 
time. Consequently the test blankets have tobe designed for 
DEMO relevance in terms of breeding rate, temperatures and 
pressure. Structural materials, maintainability, reliability and 
safety have to satisfy the more stringent requirements of 
power production in comparison with driver or shielding 
blankets for the ITER machine. These boundary conditions 
cannot be satisfied in full scale in the test positions available 
in ITER. Therefore the definition of test objects and the 
testing program are further important objectives of KfK 
besides the proof of DEMO relevance of the KfK blanket 
design alternatives. 
The European Test Blanket Development Groups mentioned 
above deal with two development lines, one with helium 
cooled solid breeder, the other one with either selfcooled or 
water cooled liquid meta! breeder. 8oth KfK designs, the 
selfcooled Iithium-Iead blanket and the helium cooled 
(breeder out of tube) solid breeder blanket are accepted 
alternatives within the European test blanket development 
program. A part of the work defined by the partners - KfK, 
CEA, ENEA and JRC lspra- consists of common work, relevant 
to all blanket designs, whereas the design work itself is 
independent for the time being. lt is foreseen to reduce the 
number of European DEMO relevant blanket alternatives 
from four to two in 1995, one solid breeder and one liquid 
meta I breeder design, which will finally be tested in ITER. 
The Solid Breeder Blanket Tasks (BS) 
The solid breeder design work {Subtask BS DE-O) includes also 
small scale thermomechanical and fabricability tests and 
safety oriented studies. The KfK solid breeder material 
program (Subtask BS BR-0) has concentrated, in agreement 
with the European partners, on Iithium orthosilicate. This 
subtask includes preparation, characterization, irradiation 
and postirradiation examination as weil as measurement of 
the physical, chemical and mechanical properties. Of special 
interest are the in and out of pile tritium release studies, 
performed at KfK and within the common breeder 
development program in several European reactors. The 
behaviour of irradiated beryllium, especially the influence of 
large neutron fluences and high temperatures on swelling, 
embrittlement and tritium trapping as weil as the inpile 
compatibility of beryllium with ceramic and structural 
material is being investigated in subtask BS BE-0. 
The main non nuclear testing facility to prove the feasibility 
of KfK's solid breeder design is the helium loop HEBLO, in 
which elements as weil as canister sections can be tested 
(Subtask BSNN-0). 
The Liquid Metal Blanket Tasks {BL) 
The design activities (Subtask BL DE-O) concentrate on a 
solution featuring an inboard I outboard selfcooled blanket 
with a helium cooled first wall, the so-cal!ed Dual Coolant 
Concept. 
Of great importance to the development of the selfcooled 
blanket is the knowhow and the data base of magneto-
hydrodynamic (MHD) behaviour of liquid meta! flow aquired 
in theoretical and experimental studies of subtask BL MHD-0. 
The test facility MEKKA and the cooperation with Argonne 
National Laboratory play a central role in the MHD 
development. 
ln addition to design and MHD activities KfK studies the 
physico-chemical behaviour (Subtask BL PC-0), especially 
corrosion of structural materials in the Iithium Iead eutectic 
(Pb-17Li) and the behaviour of impurities {Polonium) 
including methods of clean-up. The Pb-17Li loops TRITEX and 
PICOLO are the main testbeds for the experimental studies. 
A critical issue for selfcooled liquid meta! blankets is the 
development and qualification of electrically insulating 
coatings to reduce the MHD pressure drops in the blanket. 
This work including the assessment of irradiation effects is 
being performed in subtask BL EI-D. 
Safety and reliability studies are being performed in subtask 
BLSA-0. 
A. Fiege 
--95--
BS DE-D 1 Solid Breeder Test Blanket Design 
1. Demo Blanket Design Work 
The first design of the European Demo B.O.T. (Breeder Out of 
Tube) was based on the use of Li4Si04 pebbles placed in gaps 
between beryllium plates [1]. Subsequently the beryllium 
plates were replaced by beryllium pebbles. The breeder and 
neutron multiplier material was arranged in a mixed bed of 
Li4Si04 and beryllium pebbles cooled by tubes containing 
flowing high pressure helium [2,3]. This allows to cope better 
with the problems caused by neutron irradiation at high 
fluences in beryllium: differential swelling and embrittlement 
problems are eliminated and the swelling of the beryllium 
pebbles causes an increase of the pebble contact surface with 
consequent increase of the pebble bed thermal conductivity 
and decrease of the bed temperature. 
The present design represents a further improvement of the 
concept with beryllium pebbles. The cooling tubes are 
replaced by cooling plates. This solution allows a considerable 
simplification of the blanket and the Separation of the 
beryllium from the Li4Si04 pebbles. 
1.1 The design 
Fig. 1 shows a vertical cross section across the right side of the 
torus. The general arrangement of the inboard and outboard 
blanket is similar to the two previous designs, however, the 
breeder and multiplier material in form of pebbles is cooled 
by plates placed in toroidal radial planes rather than bytubes. 
The walls of the boxes can withstand the full pressure of the 
cooling helium although normally operating at the pressure 
of the tritiumpurging gas (0.1 MPa). 
Fig. 2 shows an isometric view of a poloidal portion of the 
outboard blanket segment. One can clearly see the two 
independent cooling systems containing high pressure 
helium. The helium gas purging the tritium produced in the 
blanket is brought to the front of the blanket by a small tube 
in each pebble bed (beryllium or Li 4Si04) slab and moves in 
the blanket in radial direction. 
Fig 3 shows a horizontal cross section of the outboard 
blanket segment at the equatorial plane of the torus (left) 
and a vertical cross section ofthe same (right). The flow ofthe 
cooling helium is alternately in opposite directions, both in 
the first wall and in the blanket, to ensure better 
temperature uniformity. Between the cooling plates there 
are, alternatively beds of 0.3-0.6 mm Li4Si04 pebbles or 
binary beds of 2 mm Be pebbles with the space between the 
larger Be pebbles filled with 0.1-0.2 mm Be pebbles. ln the 
present design the Li4Si04 pebbles are separated from the 
beryllium ones. This avoids the problern which could occur, in 
case of chemical reactions between the two, at high Iithium 
burn-ups, although tests on unirradiated material show that 
beryllium and Li 4Si04 are compatible up to 700°C. lf 
irradiations at high Iithium burn-ups should prove that there 
are no compatibility problems between these two materials, 
then the mixed bed solution can be chosen with very little 
change in the design: the number of cooling plates would 
decrease and the tritium breeding ratio would slightly 
increase, due to the smaller amount of structural material and 
the decrease of the heterogeneity effect on the neutron 
economy. Fig. 4 shows a horizontal cross section of the 
inboard segment. The cooling tubes arrangement is 
analogaus tothat of the outboard blanket. 
Figs. 2, 3 and 4 show how simplified the blanket has become 
by replacing the cooling tubes with cooling plates (cp. with 
Fig. 7 of Ref. 3). Fig. 3 shows schematically the arrangement 
of the plate cooling channels in the radial-toroidal planes. No 
high leak tightness is required between the parallel running 
coolant channels. High tightness is required only at the 
borders of the cooling plates. But even then, Operation with 
small leakages is allowed, as the box, as in the previous 
design, can operate at the full helium coolant pressure (see 
Ref. [3]). 
Fig. 5 shows in detail the arrangement of the helium cooling 
channels in the firstwalland in the cooling plates. The upper 
part of the picture shows how the blanket cooling plates are 
welded to the first wall, while the lower one shows a detaii of 
the cooling channels of the cooling plates. Due to the higher 
thermal conductivity of the Be pebble bed, its thickness is 
greater than that of the Li 4Si04 bed. Both the first wall and 
the blanket cooling plates are manufactured by diffusion 
welding. We were encouraged to use this solution by the 
recent excellent results obtained by KfK in collaboration with 
the Forschungsinstitut für Kerntechnik und Energieum-
wandlung, Stuttgart. Plates of MANET (the structural material 
foreseen for the BOT blanket) with dimensions up to 320 mm 
and appropriate thickness, provided with coolant and 
inspection channels, were fabricated and successfully tested. 
Bendingtests showed that the strength was almost the same 
asthat of the base material. Leak tests up to 15 MPa internal 
pressure showed no leak. 
1.2 Results of the design calculations 
The power distribution, the local tritium production and the 
tritium breeding ratio have been determined by means of 
three-dimensional Monte Carlo calculations using the MCNP 
code. Due account in the calculations was taken of the 
heterogeneity effects. 
The thermohydraulic computations allowed to calculate the 
blanket temperatures and the helium coolant pressure drops. 
The heat transfer parameters used in the calculation have 
been measured using the actual materials (Li4Si04 and Be 
pebble beds in helium) (4]. Fig. 6 shows the temperature 
distribution in radial direction in the first wall and in the 
blanket in a radial-toroidal plane at the equatorial region of 
the outboard blanket. This is the region of the maximum heat 
flux to the firstwalland of the highest power densities in the 
blanket. The figure shows the temperatures at the radial-
toroidal plane placed at the center of the Li4Si04 pebble bed 
(upper diagram) and ofthe beryllium bed (lower diagram). 
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The tritium inventory in the Li4Si04 pebbles was calculated on 
the base of in situ tritium release experiments [5], while the 
EOL (End Of blanket Life) tritium inventory was determined 
by the neutronic calculations, minus the tritium released from 
the beryllium during Operation, which was determined with 
the code ANFIBE (6]. The tritium Iosses through the heat 
exchangers to the steam turbine circuit were determined with 
the same assumptions as in Ref [7]. Table 1 shows the main 
results ofthe calculations. 
1.3 Conclusions 
The design has been simplified and the possible difficulties 
arising from compatibility problems between beryllium and 
Li4Si04 at high Li burn-ups have been eliminated. The 
remaining issues are common to both European Solid Breeder 
Blankets (3], namely behavior of Li4Si04 and Be pebbles up to 
high neutron fluences. These are being investigated by the 
EXOTIC-7 irradiation in HFR and will be in the nearest future 
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by the irradiation foreseen in the fast reactor Phenix. Further 
work is also necessary in the field oftritium control [3]. 
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Table 1: Main characteristics of BOT DEMO Solid Breeder Blanket 
Breeding and multipliermaterial Separated beds of Li4Si04 and beryllium pebbles 
Li 6 enrichment 25 at% 
Total blanket power 2500 MW ( + 300 MW in divertors) 
Coolant helium pressure 
outboard BMPa 
inboard BMPa 
Coolant helium pressure drop (F.W., 
blanket, feeding tubes) outboard 0.30 MPa 
inboard 0.30 MPa 
Coolant helium temperature: inlet 250°( 
outlet 450°( 
Max. steel temperature 520°( 
Max. temp. in beryllium 640°C(BOL) 
515°C (EOL) 
Max. temp. in breedermaterial 900°( 
Min. temp. in breedermaterial 350°( 
Real tridimensional tritium breeding ratio (without ports) 1.13 (BOL) 1.11 (EOL) 
Accounting for 10 outboard ports 1.07 (BOL) 1.05 (EOL) 
Peak Iithium burn up 7.25 at% 
Peak fluence in beryllium 16300 appm He 
Tritium purge system pressure 0.1 MPa 
Tritium inventory in breeder mat. 10g 
Tritium inventory in Beryllium (EOL) 1280g 
Tritium Iosses to steam/water system 22 curie/d 
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2. Electromagnetic Forcesand Stresses caused by 
Plasma Disruptions 
One of the crucial problems in the blanket design is to dem-
onstrate the capability of the structure to withstand the me-
chanical effects of a major plasma disruption. The Test Blan-
ket Advisory Group (1990) gave the following specifications 
for a reference disruption in Demo: "a linear decay of the 
plasma current from 20 MA to zero in 20ms" and "one disrup-
tion during blanket segment life". The only mechanical re-
quirement was that "the blanket segment may be deformed 
but it must remain removable through the port". 
The Karlsruhe Nuclear Center is performing design and ex-
perimental work for the European BOT (Breeder Out of Tube) 
Helium Cooled Solid Breeder Blanket [1,2). This paper dis-
cusses methods and results of the mechanical assessment of 
this blanket design du ring the Demo reference disruption. 
2.1 Electromagnetic analysis 
The electromagnetic calculation of the eddy currents and of 
the resultant rnagnetic forces has been performed by means 
of a 3-D eddy current computerprogram commonly used for 
NET/ITER applications [3). 
As a complete finite element method model of the Demo re-
actor has been achieved, all the most relevant parts of the 
electromagnetic system can be taken into account in the cal-
culation. The vacuum vessel, the 48 outboard and 32 inboard 
blanket segments are part of the developed electromagnetic 
model (see Figure 1). Each blanket segment is electrically in-
sulated from the other segments and components of the reac-
tor. Particularly, a fine discretization of the outboard and in-
board blanket segments has been realized to account for the 
complex design of the components. The vacuum vessel • with 
a toroidal electrical resistance of 20 pQ · has been taken into 
account by means of a coarse mesh in order to simulate the 
influence of the large toroidal eddy current that flows in it. 
The presence of the external magnetic field coil systems (TF 
and PF coils) is also considered in the calculation. 
The fine mesh used in the blanket model allows an accurate 
description of the magnetic body forces that act on the dif-
ferent parts of these structures. Figure 2 shows the normal 
component (expressed in term of pressure) of the magnetic 
force acting on the first wall for the outboard and the in-
board blankets. The interaction of eddy currents with the 
large toroidal field produces the typical observed behaviour; 
the Ioad results in an internal or external pressure for the dif-
ferent regions ofthe first wall. 
The effect of the magnetic steel MANET on the forceshas 
been investigated too. The martensitic steel MANET has been 
chosen as structural material, because it is able to withstand 
~ 
the high neutron fluence in Demo (70 d.p.a.) without appre-
ciably swelling and has good thermal-mechanical properties • 
lower thermal expansion and higher strength-in comparison 
with AISI316L steel. Because it is used as structural material in 
the region surrounding the plasma, the rriagnetic flux distri-
OUTBOARD 
INBOARD TOP 
INBOARD BOTTOM 
Fig. 1: FEMmodel forthe electromagnetic analysis. 
bution outside and inside the blanket structure can be signifi-
cantly modified. When a plasma disruption occurs, as eddy 
currents are induced in the structure, electromagnetic forces 
rise whose magnitude can be greater than in the case without 
ferromagnetic structural material. 
A computer code that allows electromagnetic calculations in 
presence of saturated magnetic materials is being developed 
[4). Figure 3 gives the resultant forces and torques on the 
structure for different horizontal sections, with comparison 
between the case of MANET and a non-magnetic steel. These 
quantities are calculated on the geometrical center of each 
section and refer to the lower half of the section. 
Forces in presence of magnetic structural material change 
mostly only their module values but not their direction. The 
largest increase of module values occurs for the box back wall 
and the vertical shield. However, this increase is limited to 
20% in the first wall of the box, where the largest forces are 
acting and the highest stresses are expected. 
2.2 Stressanalysis 
On the basis of the calculated force distribution, a dynamic 
stress analysis of the outboard and inboard segments 'has 
been performed. Shell elements have been u~ed to model the 
whole structure with the exception of the vertical shield 
where solid elements have been used. The blanket segments 
have been constrained (fully built-in) on the upper flange. 
The support of neighbouring segments has been simulated by 
means of suitable boundary conditions on the vertical shield 
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Fig. 2: First wallload. 
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Fig. 3: Magnetic Ioad on the outboard blanket. 
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Fig. 4: Temperature disstribution in the first wall/8/. 
region. ln fact, all the 48 outboard and 32 inboard boxes are 
tied together to form two rigid cylinders. 
Because of the mentioned constraints of the structure, the 
calculated displacements are relatively low. The maximum 
displacement (8 mm) is less than the gap between adjacent 
boxes and between each box and the vacuum vessel (20 mm). 
The maximum calculated Von Mises stress lies considerably 
below the yield stress of the structural material at high tem-
perature (560 MPa at 350°C). 
The results obtained by stress analysis have been verified ac-
cording to [5) taking into account the presence of thermal, 
pressure and self-weight Ioads acting on the structure. The to-
tal Ioad caused by the reference disruption has been classified 
into Category 2 ("unlikely and design faults"). The results 
showthat the outboard and inboard structures can withstand 
the mechanical stress caused by the reference disruption re-
maining below the elastic Iimit. Moreover, the investigation 
has demonstrated that also the mechanical requirements for 
Ioads of Category 1 ("normal conditions and anticipated 
faults") can be met at least for the outboard structure [6). 
The martensitic steel MANET-1 presents a degradation of the 
fracture toughness properties at irradiation temperatures less 
than 400°C [7). Figure 4 shows the temperature distribution in 
the outboard blanket first wall at the torus equatorial plane 
in which the power densities are the highest [8). The shaded 
region shows the i:emperature range in which a degradation 
of the toughness properties occurs. As the maximum tem-
peratures in the remaining structure are considerably lower 
than in the equatorial region, nearly all the structural mate-
rial of the blanket has temperatures between 300°( and 
400°C. 
First wall (MANET) 
q = 25 _\f_ 
cm3 
Application of the design criteria [5) results in a calculated 
critical crack dimension of 4 mm [9). lf this value is sufficient 
to assure the respect of the fast fracture Iimits, it remains a 
critical issue depending on the assumed cyclic thermalloading 
in the structure. ln the case of pulsed operationfurther inves-
tigations are necessary. 
2.3 Faster disruptions 
Further calculations [9) have been performed to consider the 
effects of faster (centered of 5 and 2 ms) disruptions. Figure 5 
(left) presents the currents which flow in the outboard Seg-
ment. As the electrical time constant of the blanket segment 
is relatively low in comparison with the disruption time, faster 
disruptions produce very large currents. The stresses caused 
by such disruptions are unallowable for the actual design. 
Figure 5 (right) shows the corresponding behaviour of a 
modified design ("continuous design") in which a first wall 
connection among neighbouring modules allows eddy cur-
rents to flow in toroidal direction. The increase of the current 
is now limited by the greater time constant associated with 
the connected structure. The force distribution in the two de-
signs differs very much. ln the second case the !arge toroidal 
current which flows in the first wall shields the remaining 
blanket structure. The stress analysis shows the advantages of 
the continuous solution; allowable stresses for all the consid-
ered disruptions result from the calculation. 
2.4 Conclusions 
The electromagnetic calculations and the stress analysis per-
formed for the European B.O.T. BI anket demonstrate the ca-
pability of the inboard and outboard blanket segments to 
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meet the structural requirements for the Demo reference 
plasma disruption. 
As the toughness properties of the martensitic steel MANET-
used as structural material- degrade under irradiation, a frac-
ture mechanics assessment for the components has been per-
formed. 
Unallowable stresses can be produced during faster disrup-
tions. ln this case, a continuous design has been analyzed. A 
comparison with the segmented design shows a better per-
formance of the continuous design at least for centered dis-
ruptions. 
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BS BE-D 1 Beryllium 
Beryllium Swelling in The European BOT DEMO Blanket 
The ANFIBE code developed at KfK is capable to describe the 
behaviour of the helium produced in beryllium under 
neutron irradiation and thus calculate the beryllium swelling 
as a function of temperature and helium content [1-3). This 
kind of calculations have been performed for a reference 
design of the BOT DEMO blanket assuming that the beryllium 
temperature does not change during the blanket life (4]. 
However, the temperature of the beryllium pebbles varies 
quite considerably duringthe irradiation. Experimental 
evidence has shown that the effective thermal conductivity 
and the heat transfer coefficient bed/containment wall are 
affected by the constraint on the pebble bed exerted by the 
Containment walls. lf the bed tends to expand, due for 
instance to increased temperature, and it is constrained by 
the containment walls, the contact surfaces of the highly heat 
conducting beryllium pebbles increases. Consequently the 
bed thermal conductivity and the heat transfer coefficient 
increase too and the pebble bed temperature decreases. An 
analogaus effect has the neutron induc.ed swelling: the 
increased pressure of the helium bubbles formed du ring the 
irradiation causes the beryllium to creep, thus the contact 
surfaces of the pebbles increase, which results in a decrease of 
the bed temperatures. The experiments performed at KfK 
have allowed to quantifythese effects [4]. 
lt was therefore decided to perform more realistic 
calculations of the beryllium swelling, accounting for these 
temperature variations, for the region of the blanket where 
the highest swelling rates are expected, i.e. for the outboard 
blanket regionaraund the equatorial plane. A computer code 
has been developed to numerically solve the two dimensional 
(in poloidal and radial direction: there is symmetry in toroidal 
direction in the central region of the pebble bed) heat 
conduction differential equation, accounting for the 
variations of temperature caused by beryllium volume 
swelling and relative thermal expansion pebble bed/con-
taining wall. The calculations have been performed at various 
times during the blanket operation up to the blanket end of 
life (EOL). At every time step, iterative calculations have been 
performed: starting from the temperature calculated in the 
previous time step and the known fluence, the beryllium 
swelling is obtained by interpolation of tabulated values 
obtained by ANFIBE calculations as a function of irradiation 
temperature and fluence. Then the bed temperature is 
calculated again on the basis of the new volume swelling 
values. The calculation is repeated until two successive 
temperature distributions differ for less than OSC. 
Fig. 1 shows the BOL temperature distribution in the 
beryllium pebble bed confined between two cooling plates in 
the equatorial region of the outboard blanket (see also Fig. 
2.5.1 of Ref. [4]), while Fig. 2 shows the temperature for the 
same bed for the blanket EOL. The peak bed temperature 
decrease from 637°( to 501°C. 
At present a first version of the code based on the above-
mentioned assumptions is available, and is being validated by 
comparison with a !arge number of experiments. First results 
using this code are given below. 
Figs. 3 and 4 show the beryllium swelling in the considered 
pebble bed slab with and without taking into account of the 
temperaturevariations due to swelling respectively. The peak 
beryllium swelling decrease from 11% to 8.3%. ln both cases 
the volume swelling is considerably smaller than the void 
fraction in the pebble bed (about 20%) so that the flow of the 
helium purging the tritium produced in the beryllium is not 
impeded. 
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Fig. 1: 
Temperature distribution in a radial-
poloidal slab containing the beryllium 
pebble bed in the equatorial region of the 
outboard blanketat blanket BOL. 
Fig. 2: 
Temperature distribution in a radial-
poloidal slab containing the beryllium 
pebble bed in the equatorial region of the 
outboard blanketat blanket EOL. 
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Fig. 3: 
Beryllium volume swelling distribution at 
blanket EOL. 
Fig. 4: 
Beryllium volume swelling at blanket EOL 
without accounting for the temperature 
variations caused by beryllium swelling. 
BS BR-D 1/D 2 Preparation and 
Characterization of Ceramic 
Breeder Materials 
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Differential thermal analysis (DTA) and calorimetry of li4Si04 
Two Li4Si04 samples with different Iithium enrichments were 
analyzed by DTA and calorimetry in order to check the Single-
phase character and a possible influence of the isotope effect 
on the transformation and melting temperatures. Rods of 
natli 4Si04 (heat T-5035) and Li4Si04 with 50% 6Li enrichment 
(heat T-5036) were prepared by Schott through as-casting. 
Results 
Heat T-5035: second-order transformations at 660°C and 
723°C; eutectic temperature with second, Si02 richer phase at 
1024°C; liquidus temperature at 1224°C. Heat T-5036: 
second-order transformations at 662°( and 726°C; a eutectic 
temperature was not observed; liquidus temperature at 
1224°C. 
Isotope effects of Li in Li4Si04 could not be detected. A mass 
loss of the samples could not be established during DTA 
heating with 5K/min up to 1024°C; 0.8% mass loss was 
observed up to 1280°C. A eutectic temperature at 1 024°C was 
observed in heat T-5025 during first heating; a two-phase 
character with Si02-richer phase is assumed for the as-
received state of the sample. Heat T-5036 was single-phase 
before first heating. The congruent melting point of Li4Si04 
at 1255°C was not observed in both samples because a Li20-
evaporation above 1024°( results in a displacement of the 
single-phase composition to Si02-richer concentrations. 
The second-order transformation temperatures can be 
determined more precisely by high temperature calorimetry 
which gives 667°( and 725°( for natU 4Si04 . 
H. Kleykamp 
W. Laumer 
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BS BR-0 3 Irradiation Testing and Post 
Irradiation Examination 
Since 1984 irradiations have been performed in different 
reactors with mostly thermal neutron flux in order to study 
the material behavior of ceramic breeder materials and their 
tritium release behavior. The only irradiation performed of 
breedermaterial in the neutron spectrum of a fast reactor is 
the KNK II irradiation ELIMA 1. From January 1988 until the 
final shutdown of the KNK II reactor in August 1991, 24 pins 
with Iithium metasilicate and Iithium orthosilicate samples, 
placed in two sample holders in the MTE 2 Material Testing 
Element, were irradiated. 
IJ") 
01 
Fig. 1: 
I 
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CO 
N 
I 
0 
-..t 
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Breeder Material 
Pellet Column 
Sampie rod of ELIMA 1 irradiation experiment. 
MTE 2 accomodated twelve breedermaterial samples (Fig. 1) 
each in an open sample carrierandin a sealed sample capsule 
with heat pipe at Ievei lV above the 600 mm core height. The 
open sample Carrier (Fig. 2, left) was Operated as a low 
temperatrure insert at 400 to 450°( and the sealed high 
temperature capsule (Fig. 2, right) at 600 to 700°C. lt is 
evident from table 1 that Li 2Si03 and Li4Si04 were exposed to 
irradiation both as disks and pellets, with high and low 
density variants used of 65% and 90% of the theoretical 
density. 
The Iayout of the irradiation experiment and preparatory 
work for it were carried out in 1986/87. After the long delay 
which had been caused by difficulties in the licensing 
procedure and by interruptions in reactor operation, the 
interest in the specimen material used has descreased 
because the material does no Ionger fully satisfy the 
specifications as defined today. Therefore, only a part of the 
sample capsules will be subjected to post irradiation 
examination in the Hot Cells. Unfortunately, the reactor was 
operated only at 60% of its nominal power for almost the 
entire period of irradiation; full reactor power was attained 
for a short time only. However, in this partial Ioad mode the 
sample temperatures were not very much affected. The 
summed up irradiationtime is 144 full power days (FPD). 
The axial distributions of the temperatures and neutron dose 
in the two sample carriers have been plotted in Fig. 3. The fast 
neutron dose is identical for the two carriers. The 
temperature plot in the open sample carrier is given by the in-
pile sodium temperature and does not depend on the reactor 
power. For the sealed heat pipe capsule 2 a sample 
temperature of ab out 680°( was calculated for 100% reactor 
power; a value of about 620°C should be anticipated in case 
of 60% reactor power. 
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Fig. 2: Open sample carrier and heat pipe capsule of ELIMA 1 irradiation experiment. 
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Table 1: Design and operational data of KNK-irradiation experiment ELIMA 1 
Breeder material 
Density 
Pelletdiameter 
Hight of sample stack 
Cladding dimensions 
Cladding material 
Number ofsample rods 
Fastneutron flux <l>r 
%th.D. 
mm 
mm 
mm 
n/cm2s 
Total heat generation *) W/cm3 
Tritium production rate*) 1012 at/cm3s 
Temperature of samples sample carrier 1 
Li2Si03 
Pellets 5 mm high and 
Disks 2,5 mm thick 
65/90 
12 
4,84 
40 
6 0x0,38 
1.4970 
12 
max. ca. 2,5·1014 
temporarily 4·1014 
5,8/8,2 
4,6/6,6 
7110 
6,3/8,8 
400 .. .450 oc 
sample carrier 2 ca. 620 oc 
Irradiation tim e FPD 
Neutrondose <l>r·t n/cm2 
Neutron induced darnage rate dpa 
Darnage rate by t+a dpa 
Totaltritium production Ci/sample 
*) temporarily; otherwise 60% ofthat value 
(temporarily ca. 680 °C) 
144 
ca. 3·1021 
ca.2 
up to ca. 1 
ca. 2 to 2,5 
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The Experiment COMPLIMENT can be considered as a 
screening test for the irradiation behaviour of different 
ceramic blanket materials. 
Five ceramic blanket materials LiAI02, Li20, Li 2Zr03, Li 2Si03 
and Li 4Si04 provided by the European partners were 
irradiated in parallel in the HFR and the OSIRIS reactor in 
order to study the influence of the neutron energy spectrum 
on the irradiation characteristics of the Li-ceramics, Table 2 
[1,2]. 
ln total 72 samples have been irradiated at 2 different 
irradiation temperatures (700+950 K). The specimens were 
mostly in pellet form, but also some Li-orthosilicate samples 
of sintered granulate and molten spheres were provided by 
KfK. 
The irradiationdarnage by fast neutrons and (a+t)-reactions 
reached about 2 dpa, still rather low compared with the 20 
dpa foreseen for the DEMO plant. 
PIE Results of Compliment 
PIE work was done in the fusion ceramic Iabaratory (FKL) of 
KFK Hot Cells. lt consisted in decladding of the specimens, 
T-release measurements, Hg-porosimetry, ceramography, 
fractography and x-ray analysis of lattice parameters. 
Ultimate compressive strength and Young's modulus were 
measured to characterize changes of the mechanical 
properties during Irradiation. Many results of this work have 
been documented in [1 ,2,3]. ln this contribution an 
assessment of these PIE results will be given. The main 
outcome of PIE with regard of the main performance criteria 
is summarized in Tab. 2. As concerns T-release Li20 and 
Li2Zr03 had the lowest residence time, followed by Li 4Si04 
and LiAI02. Li2Si03 had the highest residence time [4]. High 
swelling rates and a bad compatibility excludes the use of 
Li20. 
Considering all the performance criteria the Li4Si04 and 
Li2Zr03 seem the best candidates. With regard to the 
fabrication know how at KFK the orthosilicate was finally 
chosen for the KFK Ceramic Breeder Concept. [5]. Because of 
the better swelling and thermal cycling accomodation, 
pebbles instead of pellets were chosen. ln this respectTab. 3 is 
much important, it summarizes the results of COMPLIMENT 
samples with orthosilicate pebbles concerning their 
mechanical stability. 
The molten spheres (MS) exhibit the better performance 
compared with the sintered ones (SS). But the low 
temperature irradiation (400-450°() in OSIRIS resulted also 
in about 40% dust for the molten spheres. Frequent thermal 
cycling of the OSIRIS reactor du ring Irradiation is believed as 
the cause of these failures. Disposing of only a small amount 
of irrdiated molten spheres, thermal cycling experiments 
could not yet be performed. Therefore only compressive 
strength of single orthosilicate spheres couid be measured 
before and after irradiation. Results of these measurements 
in comparison with results concerning the stability of pellets 
are shown in fig. 4. ln contrast to a steep decrease of 
compressive strength of pellets (densities between 62 and 
90% TD) at low Li-burnups the strength of pebbles (density 
98% TD) is only slightly decreased (3-17%) by the 
irradiation. 
Generally, a considerable reduction of the compressive 
strength has been found for allpellet materials depending on 
the Li-burnup and the irradiation temperature. Li 4Si04 
exhibits the largest decrease, the lowest one has been 
Table 2: PIE-results for different Li-compounds from the irradiation experiment COMPLIMENT 
LiAl02 
Li20 
Li2Zr03 
Li2Si03 
Li4Si04 
Molten Sheres 
(MS) ofLi4Si04 
not measured 
+ high 
o medium 
Ä low 
stability of 
ehern. mech. 
micro- swelling 
reactivity stability 
structure 
0 + - 0 
!::. !::. !::. !::. 
+ 0 0 0 
+ 0 0 + 
0 + + + 
- - 0 1) 
1) > 500 °C good, low cycling rates 
2) H. Werle et al. [4] 
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compr. Tritium compatibility 
strength release2) with pebbles cladding3) 
I medium 
I fast !::. 
I fast !::. 
I slow + 
I medium + 
0 medium 0 
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Table 3: Stability of Li-Orthosilicate pebbles after 
irradiation in COMPLIMENT 
ELIMA/HFR, Petten DELICE I OSIRIS, Saclay 
Matrix I Matrix II Matrix III Matrix IV 
400-45o•c s5o-7oo ·c 400-45o•c 650-7oo •c 
Sampie No. MS173 MS174 MS175 MS 176 . 
Colour black grey grey grey/dark 
Dust <1% <1% -40% <1% 
Sampie No. ss 113 ss 114 ss 115 ss 116 
Colour grey/black grey/dark grey grey/dark 
Dust -45% -5% -60% -5-10% 
MS = Molten spheres (Schott) = eintered spheres (KfK) 
-s" 300 Ol 
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Fig.4: 
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Li-burnup, % 
Compressive strength of Li4Si04 pebbles in 
comparison with sintered pellets as function of Li-
burnup. 
observed in Li2Zr03, at all irradiation temperatures and in 
UAI0 2, at 650-7oo•c. ln all cases the steepest decrease in 
strength occurs at Li-burnups :50,4 at-%. This seems to be 
primarily caused by the formation of cracks and microcracks 
due to thermal stresses during irradiation. The influence of 
the irradiation temperature on the strength decrease seems 
to be different. The strength reduction of UAI0 2, is rather 
large at 47o•c, but much smaller above 65o•c. On the other 
hand, the strength reduction of Li 2Zr03, below 49o•c is 
significantly smaller than at temperatures above 65o•c. The 
relative reduction ofthe Young's modulus under irradiation is 
smaller than that of the compressive strength. lt depends 
primarily on the actual values of the density after irradiation. 
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BS BR-D 4 Tritium Release 
ln assessing the performance of ceramic breeders, tritium 
release is an important aspect. KfK concentrates on Iithium 
orthosilicate and metazirconate pebbles. Purged inpile tests 
and out-of-pile annealing tests of samples from purged and 
closed-capsule irradiations are performed. 
Purged inpile tests 
ln the joint European, low-burnup, inpile test CORELLI-2, 
performed October to December 1993 in the SILOE reactor at 
CEN Grenoble, 0.2-0.6 mm 0 Li4Si04 pebbles and, for the 
first time, a mixed bed of 2 mm 0 Be+ 0.1 -0.2 mm 0 
Be+ 0.1-0.2 mm 0 Li4Si04 pebbles have been tested by KfK. 
The inpile results are being evaluated, the irradiated samples 
will be sentto KfK for PIE. 
ln the second joint European medium-burnup (3% total Li) 
inpile test EXOTIC-6, performed at the HFR Petten from May 
1991 to March 1992, reference breeder materials of the 
participating laboratories were tested [1). 8oth KfK samples, 
Li4Si04 and Li 2Zr03 pebbles survived the 200 FPD irradiation 
without visible damage. Because of the pretty !arge radial 
temperature difference (up to 180°C) between the center and 
the boundary of the samples, a careful estimation of the 
temperature distribution is required to determine relevant 
tritium residence times [2). The residence times of both 
samples determined in this way were found to be in 
acceptable agreement (factor three) with previous low-
burnup inpile tests (TRIDEX). ln addition, there were no 
indications that the residence times increased with burnup up 
to 3% [2). 
The joint European, high-burnup (up to 10% total Li), inpile 
test EXOTIC-7 is being performed in the HFR Petten. Small 
(0.1- 0.2 mm 0) Li4Si04 pebbles and mixed beds of Be and 
small Li4Si04 pebbles are tested by KfK. The ceramic samples 
have been prepared from Iithium enriched to about 50% in 
Li6. 
Out-of-pile annealing 
The extensive annealing studies of the large variety of 
samples from the joint European, closed-capsule, fast/thermal 
neutrons irradiation COMPLIMENT (damage :53 dpa, Iithium 
burnup :54 %) have been finished. The most important 
results are [3.4): 
• ln contrast to comparable previous irradiations, a large 
fraction of the samples, especially also the sintered and 
from the melt prepared Li4Si04 pebbles decomposed 
during the low-temperature (425°C), thermal 
irradiation (burnup 1-4%). A tentative explanation 
are steep temperature gradients caused by reactor 
trips. Further DEMO-relevantirradiationsare required. 
• 
• 
Tritium release kinetics is not significantly affected by 
specific inventory (indicates first order release) 
lihtium burnup (up to 4%) 
type or radiation darnage (fast neutrons, 
charged particles) 
The gamma activity of all samples was mainly due to 
steel contaminations and sample impurities. 
Li4Si04 pellets from ELIMA-1, irradiated in the fast spectrum 
of the KNK·II (144 FPD, total darnage 3 dpa) and in addition 
the KfK samples of EXOTIC-6 are currently under 
investigation. 
A closed capsule irradiation of mixed Be/Li4Si04 pebble beds 
performed in the HFR Petten is nearly finished. The samples 
will be sent to KfK to study neutron-induced swelling and 
embrittlement of Be and tritium release of Be and Li 4Si04. 
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BS BR-0 8 Characterization of Lithium 
Orthosilicate: Adsorption of Water 
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Tritium bred in a Iithium orthosilicate ceramic is essentially re-
leased as water. At constant rate of formation and release a 
stationary concentration will build up on the surface, which 
will determine the tritium inventory on the ceramic surface. 
At the temperature of operation of a blanket water may also 
Iead to the formation of Iithium hydroxide, which can contri-
bute to tritium entrainment and eventually to corrosion of 
structural components. 
The spherical Li 4Si04 material used in this investigation had a 
theoretical density of 99.9% and a specific surface area of 
0.095± 0.010 m2fg. By thermogravimetry a mass loss of less 
than 0.5% was observed when samples were heated up to 
1000 K. 
To perform water adsorption measurements on Li4Si04 
spheres a flow system, which permits water partial pressures 
as low as 1 mbar to be generated, was build. Water could be 
measured with high accuracy and precision using several dif-
ferent methods. The adorptive material, i.e. spherical Iithium 
ceramics, was placed in one of two specially designed plati-
num reactors. To achieve the desired experimental adsorption 
temperatures conventional high frequency heating was em-
ployed. 
Using the frontal analysis of gas chromatography adsorption 
isotherms were determined at temperatures and water vapor 
pressures ranging from 653 to 1093 K and 1 to 10 mbar, re-
spectively. On the basis of the experimentally obtained iso· 
therms, isobars were calculated that give the number of mols 
of water adsorbed per mol of Iithium orthosilicate as a func· 
tion of temperature at four different water pressures (1, 3, 5, 
and 10 mbar). ln addition, isosteres giving the water vapor as 
a function of the inverse temperature at four surfaces 
coverages, i.e. q =0.005, 0.010, 0.015, and 0.020, were deter-
mined. From the fact that the adsorption and desorption iso-
therms at a given temperature agreed rather weil it is con-
cluded that chemical processes played only a minor role under 
the employed experimental conditions. 
The results suggest that water is adsorbed dissociatively on an 
energetically heterogeneaus Iithium ceramic surface. The da-
ta base obtained constitutes a good basis to estimate the 
tritium inventory at the surface of Li4Si04 (er) as function of 
temperature and water vapor concentration in the purge gas 
of a solid breeder blanket. 
S. Huber 
R.-D. Penzhorn 
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BS NN-D 1 Helium Blanket Test Loop 
The test involving temperature transients, performed on a 
beryllium plate with brazed-in coolant tubes, was ended 
according to schedule after 1000 cycles. No change in the 
transient temperature developments in the test object was 
observed during the test. This suggests that the contact 
between the steel tubes and beryllium did not change in the 
course of testing. The test object is represented once more in 
Fig. 1. 
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Fig. 1: Beryllium plate with brazed in helium tubes astest 
object in the HEBLO facility. 
The beryllium test object was sent to the manufacturer, 
Heraeus, for post-test examinations. ln a first step, a 40 mm 
piece each was cut from top and bottom in the 
manufacturer's shop and scrapped. Then slices of 5 mm 
thickness were cut off the top end for metallographic 
examinations and another slice, 10 mm in height, from both 
ends which served as shear specimens for strength 
examinations. 
The results of the shear tests (Fig. 2) have been surprising 
because all four beryllium pieces from the interior exhibited 
only very uniform shearing stresses of slightly more than half 
the stresses measured in all preliminary tests on satisfactorily 
brazed specimens (180- 200 N/mm2). Shearing took place in 
all specimens between the braze and the beryllium plate 
within the intermetallic phase. The low values of the shear 
stresses of the edge plates can possibly be explained by an 
elevated temperature near the autoclave wall du ring brazing 
resulting in enhanced embrittlement. 
A second test involving temperature cycles will start in HEBLO 
in the near future. lt will relate to the processes and stresses 
in a breeder material pebble bed passed by coolant coils. The 
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Fig. 2: Results ofsheartests. 
underlying concept had been until 1993 the reference con-
cept for the helium cooled solid blanket. The Iayout of the 
test section is shown in Fig. 3. The bed (90 mm in diameter, 
250 mm in height) consists of beryllium spheres of 2 mm di-
ameter, with the spacings filled with a mixture of very small 
beryllium and Li4Si04 ceramic pebbles of 80-200 Jlm diame-
ter. Thus, the bed is similar tothat in the highly loaded blan-
ket front zone. Three hair-needle shaped coolant pipes run 
through the bed; their diameters and spacings are similar to 
those in the blanket. The bed can be ioaded up to 500 N/cm2 
at the maximum through a pneumatically driven piston. ln a 
middle plane of the bed thermocouples are installed on the 
surfaces of the coolant tubes and at different spacings be-
tween the tubes. This should allow the thermal conductivity 
of the bed and the heat transfer to the tubes tobe measured, 
also as a function of the bed constraint. However, the actual 
purpose of the experiment is the determination of the bed 
behavior, i.e. the amount of abrasion and the amount of 
broken spheres at the end of endurance testing. Moreover, it 
is intended to record during the test any changes - e.g. re-
garding the thermal properties of the bed and the pressure 
drop in the purging gas. 
The bed in the test section consists of material reprocessed 
from an earlier test bed used for thermal conductivity 
measurements. lt was filled into the test section in a beryllium 
handling workshop of an industrial firm with great care and 
with all safety precautions taken. The test run in the HEBLO 
facility can start in October 1994. 
M. Dalle Donne 
H. Lehning 
K. Müller 
D. Piel 
G. Reimann 
H. Reiser 
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Fig. 3: Test section with a beryllium/Li4Si04 pebble bed 
passed by cooling coils. 
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BS NN-D 2 Non Nuclear Tests 
1. Thermal Cycling Tests on Li4Si04 and Beryllium 
Pebbles 
The European B.O.T. Demo-relevant solid breeder blanket is 
based on the use of mixed beds of Beryllium and Li4Si04 
pebbles [1] or, alternatively, on separate beds of beryllium 
and Li4Si04 pebbles [2]. lt is important to show that during 
blanket operationnot too many pebbles break and powder is 
formed which could reduce or impede the flow of the gas 
purging the tritium produced in the Li4Si04. Particularly 
dangeraus for the pebble integrity are the rapid temperature 
changes which couid occur, for instance, by a sudden blanket 
power shut-down. A series of thermal cycles tests have been 
thus performed for various mixed beds of beryllium and 
Li4Si04, and for beds of Li4Si04 pebbles. The present paper 
reports on the results of these investigations. 
1.1 Experimental apparatus 
Fig. 1 shows schematically the experimental apparatus. The 
test section containing the pebbles is heated in a furnace until 
the tube wall of the test section (Fig. 2) is heated to 600°( and 
then is automatically moved to a water bath until this 
temperature is reduced to 230°C. Then the test section is 
taken to the furnace again and the process is repeated many 
times. At regular time intervals, generally every 50 - 100 
cycles, the pressure drop of the helium flowing through the 
pebble bed to be tested is measured. Fig. 2 shows the test 
section. The pebble bed is contained in a curved tube. The 
bed is kept in position by perforated plates fixed tosmall rods 
and supported by springs. The tube wall temperature and the 
center temperature of the bed are measured by means of two 
thermocouples. 
Fig. 1: Experimental apparatus for the thermal cycle tests 
Fig. 3 shows a typical temperature profile measured during 
the test. The temperature at the pebble bed center follows 
the wall temperature with a considerable delay, so that 
temperature variations are smaller and much slower than at 
the wa II. Fig. 4 shows the variation of the pressure drop of the 
flowing helium across the pebble bed. The breaking of the 
TCw~ll TC centcr bed 
asoutlet ~ (tfow & pressure 
measunng) 
· !lange 
spnng gas mlet 
Li4Si04 or Be-Li4Si04 pebble bed 
Fig. 2: Test section for the thermal cycle tests. 
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Fig. 3: Typical temperature profiles during thermal cycle 
tests (Li4Si04 pebbles). 
Li4Si04 causes an increase of the pressure drop. However, 
generally after 300-500 cycles, the pressure drop remains 
approximately constant, indicating that no further break-up 
ofthe pebbles occurs. 
Experiments were performed up to 1000 cycles for (i) mixed 
beds of beryllium (0 ==2 mm, packing factor: trr==0.78) and 
Li4Si04 (0=0.1-0.2 mm, trr=0.18) pebbles and (ii) beds of 
Li4Si04 (0==0.3-0.6 mm, t!f=0.64) pebbles. The tests were 
made with Li4Si04 +2.2 wt % Si02 with natural Iithium or 
with Iithium with 50% 6Li. Both types of Li 4Si04 pebbles were 
produced by melting and spraying (density 97-99% of 
theoretical) by the firm Schott Glaswerke, Mainz, starting in 
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Fig. 4: 
Number ofCycles 
Pressuredrop across the pebble bed (mixed bed 
Be-Li4Si04) du ring a thermal cycle test. 
the first case with Li4Si04 and Si02 powders and, in the 
second, with Li 4Si04, Si02 and 6Li 2C03 powders. 
1.2 Results 
Results of preliminary experiments have been published [3). 
The present experiments have been performed with a greater 
number of cycles (1000) and with a morefrequent recording 
(every 0.1 seconds) of the temperatures, which allowed a 
more accurate measurement of the temperature rates of 
change. Furthermore, the tests have been performed with a 
minimum tube wall temperature of 23o•c, which is more 
relevant for the blanket application than the temperature of 
7o•c used in the previous tests. 
Examination of the pebbles after the tests showed that no 
beryllium pebbles were broken, however a fraction of the 
Li4Si04 were. As in previous tests, it was noticed that the 
broken particles were on the periphery of the bed in the 
region nearest the tubeinner wall, where the rates of change 
in temperature are the highest. 
The temperatures of the pebble bed during the cooling 
phase, when the rates of change in temperature are the 
highest, were calculated for the test part, where the greatest 
amount of broken particles was reached (constant pressure 
drop across the bed), by considering the pebble bed as a 
homogeneaus solid. The flow of helium through the bed was 
so slow that the transfer of heat in radial direction was given 
by conduction only [4). The heat conduction Fourier equation 
in cylindrical Coordinates was solved for the cooling phase 
with a numerical procedure, taking as boundary conditions 
the measured wall and bed center temperatures. The 
resulting heat diffusivities for the Be-Li4Si04 mixed bed and 
the bed of Li4Si04 were 1.73 10-6 and 0.34 10-6 m2/sec, 
respectively, in very good agreement with the measured 
thermal conductivity data for these beds [3) and the weil 
known heat capacities ofthese materials. 
The determination of the amount of broken particles at the 
end of the test allowed to calculate the critical radius beyond 
which the particle are broken. Fig. 5 shows the results of the 
calculations, namely the temperature rate of change versus 
the local bed temperature during the cooling phase at various 
radial distances from the bed center, including the critical 
radius, for the bed of Li4Si04 pebbles. The line for rcr=critical 
radius gives the combination of temperature gradient and 
temperature at which the breaking of the pebbles would 
have occurred. The results with pebbles with 50% 6Lj 
enrichment were practically identical to those with natural Li. 
The same holds for the two mixed Be-Li4Si04 beds with 
natural and enriched 6Li. Fig. 6 shows the same diagram for 
the critical radius of the two pebble beds (Be-Li4Si04 and 
Li4SiOM. Also here one can notice that the curves for r,, differ 
very little, although the diffusivity in the Be-U4Si04 bed is 5 
times greater and the percentage of broken particles is high er 
than in the case of the bed with Li 4Si04 only. This shows that 
what breaks the particles is not the outside pressure of the 
constraining steel walls, but it is rather the temperature rate 
of change over the time. lndeed, the smaller Li 4Si04 pebbles 
in the mixed Be-Li4Si04 bed are affected much less by the wall 
pressure than the bigger ones of the Li 4Si04 bed. ln the mixed 
bed the structure of the bed is made up by the bigger 
beryllium pebbles which take the major part of the wall 
pressure. Nevertheless, with or without beryllium pebbles the 
breaking characteristics of the Li 4Si04 pebbles are about the 
same. 
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Fig. 5: Local temperature rate of change versus local 
temperature for various radial distances from the 
cylinder symmetry axis (Li 4Si04 pebble bed). 
r,,= radius beyond which the particle are broken. 
600 
With the present experimental data is not possible to 
establish with certainty which is actually the critical 
temperature gradient. However, there are indications from 
irradiation experiments, that Li 4Si04 becomes brittle for 
temperatures in the range 400-450°C. lndeed, irradiation 
experiments performed in the OSIRIS reactor, in presence of 
temperature shocks given by reactor scrams, showed that a 
considerable portion of the particles irradiated at 
temperatures of 400-45o•c were broken, while the particles 
irradiated at 650-700°( were intact [5). From Fig. 6 one can 
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see that the temperature range 400-450"C corresponds to a 
temperature gradient of about - 50"C/sec. 
Fig. 6 shows also the peak temperature rates of change 
expected in the region of maximum power density and 
highest first wall heat flux of the BOT DEMO solid breeder 
blanket [1) by the worst accident (sudden loss of power 
production by constant helium cooling flow). These are 
considerably lower than the values corresponding to the 
critical radius. 
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Fig. 6 Comparison ofthe curves dT/dt versus Tat r= rcr 
for the tested beds with the curve ca lculated for a 
sudden loss of power by constant helium cooling 
flow in the region of maximum powerdensity and 
highest first wall heat flux of the BOT DEMO 
blanket. 
1.3 Conclusion 
The performed thermal cycle tests have shown that the 
Li 4Si04 pebbles, although they tend to become more brittle at 
lower temperatures, can withstand temperature rates of 
change considerably higher than the peak values expected in 
the BOT DEMO blanket. This holds for unirradiated pebbles. 
These experiments should be repeated for pebbles irradiated 
up to the maximum burn-up foreseen in the BOT DEMO 
blanket, i.e. 7.25% [2) or 10% [1). 
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BS NN-03 Tritium Extraction from a Solid 
Breeder DEMO Blanket 
The principle of a tritium extraction system (TES) being 
developed at KfK has been outlined in the preceeding report. 
lt can be summarized as follows: 
Tritium is expected to appear in two chemical forms (HT and 
HTO) in the blanket purge gas. Therefore, two specific process 
steps are applied for its recovery, i.e. a cooler to freeze out 
Q 20 (Q = H,T) at 173 K, and a molecular sieve bed to adsorb 
Q2 at 78 K. For continuous tritium removal from the blanket 
these components must be available at least twice as shown 
in Figure 1: while the first cooler/mo!ecu!ar sieve is being 
loaded, the secend unit is in the deloading/regeneration 
mode. (in the case of the molecular sieve beds, three units are 
needed because of capacity and cycle time reasons.) 
A first Iayout of the tritium extraction system was developed 
in cooperation with Linde AG/München. lt was especially 
designed to cope with I arge purge gas streams (5 -106 mole 
Held+ 0.1% H2). This Iayout is described in the following. 
At the inlet of the primary loop (see Fig. 1), a precooler PC1 is 
used to cool the purge gas to 308 K; the gas is then further 
cooled to 173 K in the main cooler C1 whereby the Q20-
content is almest completely condensed and frozen out at the 
surface of the cooling tubes; the residual concentration is 
<0.015 ppm. The operationtime of cooler C1 is 10 days. The 
purge gas is then directed to a secend cooler C2, while the ice 
collected in the first one is thawed. 24 hours later, the 
tritiated water (about 12 e with a tritium inventory of about 
48 g) is drained into a water collector which is connected with 
a seconda ry loop (" Q20 loop", see below). 
The purge gas is further cooled down to 80 K by the secend 
precooler PC2 and then passed through the adsorber bed MS 1 
where the molecular hydrogen is adsorbed on a 5 A molecular 
sieve. Residual moisture and gaseous impurities are also 
retained on the MS. The operation time of the bed in the 
adsorption mode is 6 hours. 
Ad~rHeaffngloop 
end Adsolber Recoollng Loop 
Fig. 1: Block Diagram of the Tritium Extraction System 
(Primary Loop) 
An Adsorber Heating-Loop (Fig. 3) is used to warm up the 
adsorber within 6 hours to 160 K to release ab out 98% of the 
hydrogen isotopes. 
Aga in 6 hours are needed to record the adsorber bed by using 
an additional Adsorber Recooling Loop. Thus, three adsorber 
beds are Operated in parallel, according to the 6-hour steps 
adsorption, warmup, and recooling. 
lf the adsorption capacity should decrease, the molecular 
sieve beds must be regenerated by increasing the warmup 
temperature to about 500 K to deserb the accumulated 
impurities and/or the residual moisture. As this cannot be 
carried out \lvithin one of the usua! 6 h periods, cither a forth 
adsorber bed is needed for replacement, or an interruption of 
2-3 days will be necessary in the availability of the TES. 
Q20-Loop (Fig. 2) 
The Q20 collected in the cooler is liquefied by warmup to 
about 300 K and then drained into an evacuated water 
collector. The corresponding container is used also to reduce 
the totai gas pressure in the cooier which increases during 
warmup. lt is equipped with an electrical heater allowing a 
slow evaporation of the water. 
The gas is now transferred to a water gas shift reactor (WGSR) 
where it is converted to C0 2 and Q2 by addition of CO and by 
the use of a copper chromite catalyst (T=200°C, conversion 
rate >99.5%). The hydrogen isotopes are removed from the 
CO 
WC • Water Collector 
WGS • Waste Gas System 
WGSR. Water Gas Shlft Reactor 
Fig. 2: Q 20-Loop 
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gas stream by a Pd/Ag diffusor and stored on a metal getter 
bed. 
The nickel catalyst bed has the task to crack tritiated methane 
that can be formed with a small yield by the reaction 
The C02 adsorber down-stream of the nickel catalyst is used 
to remove the C02 formed bythe water gas shift reaction. 
Q2-Loop (Fig. 3) 
As described above, each molecular sieve bed is connected 
with the Adsorber Heating Loop which is also called Q2-Loop 
in analogy to the Q20-Loop. The upper part of the Q2-Loop 
includes an electrical heater HSOO, the circulation pump PSOO, 
and two buffer vessels BSOOa/b, each with a volume of 30m3. 
At the beginning of a warmup cycle, the vessel BSOOa must be 
cooled to 160 K and filled with 0.3 bar of very weil purified 
helium. This gas is pumped through the adsorber with a gas 
flow rate of 1600 Nm3/h. With increasing temperature of the 
bed, first to co-adsorbed helium is released (max. 15 Nm3), 
and then the hydrogen isotopes (:526 Nm3). The resulting 
pressure in the loop will be :51.3 bar (if the temperature of 
160 K and SO% void volume of the molecular sieve material 
are considered). At the end of a 6 h deloading phase, the next 
adsorber is connected with the heating loop, and another 
_ P~m.!!Y _Lo~ . 
~~----------~--~--~~~TES 
L------------+ ISS 
Fig. 3: Adsorber Heating Loop (Q2-Loop) 
warmup phase is started with 0.3 bar helium contained in 
vessel BSOOb. 
With the help of pump P600, the He·Q2-mixture contained in 
vessel BSOOa is sent through an uranium getter bed with a 
flow rate of 15 Nm3/h. The bed is operated at room 
temperature to ensure a selective and effective sorption of 
the hydrogen isotopes. The amount of uranium needed to 
store all H2/HT of a 6 hour operation cycle is about 500 kg. 
The first 15 Nm3 of gas leaving the getter bed are fed into the 
purified purge gas at the TES exit. The remaining hydrogen-
free gas is collected in the buffer vessel 8600 and lateron 
pumped back into vessel B500a. 
The second getter bed is used when the first one is deloaded 
by heating. The released hydrogen isotopes are transferred 
directly into the Isotope Separationsystem (ISS). 
H. Albrecht 
E. Hutter 
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BL DE-D 1 Liquid Metal Test Blanket Design 
The subjects of this task are the design of liquid metal 
blankets for the application in a DEMO reactor, the 
development and the design of blanket test modules in 
NET/ITER, and, for both cases, the conceptual design of 
suitable externalloops for heat and tritium extraction. 
This work is part of the European Blanket Development 
Programme where four blanket concepts are developed with 
the intention to select in 1995 the two most attractive 
concepts for further development [1]. 
The design \-•Jork has been concentiated on a 11 Düal Coülant 
Blanket" concept [2, 3] where the First Wall (FW) is cooled by 
helium and the breeding zone by the circulating liquid meta I 
breeder ("self-cooling"). A perspective view of an outboard 
blanket segment is shown in Fig. 1. 
Leak 
Breeder Zone 
01llus1on Welded 
F1rsr Wall 
Fig. 1: Perspective view of an outboard blanket segment 
The FW consists of two plates with integrated cooling 
channels which are bonded by diffusion welding. Several test 
welds have been carried out successfully; the results are 
described in this report und er Task MANET 2.3. 
As a next step the bending of the diffusion-welded FW panel 
into the U-shaped box will be investigated. 
An important detail of the Dual Coolant Blanket concept is 
the joint between the U-shaped poloidal sections of the FW. 
According to the safety and reliability criteria which admit no 
single welds between plasma and helium or Pb-17Li, electron 
beam double welds are envisaged for this purpose. The gap 
between the two welds additionally serves for leak detection. 
An investigation has been started in collaboration with an 
industrial manufacturer to demonstrate the feasibility of the 
EB double weid. Additionally, the quality of the weid has to 
be assessed in order to obtain a data base for the probabilistic 
assessment of EB welds (see Task BL SA-D1). The main results 
at the current state of the investigations are: 
the feasibility ofthe EB welding has been demonstrated 
the welding process has no influence on the leak 
detection gap between the two parts of the weid; thus it 
is possible to use single pass welding, which is an 
essential requirement with regard to the assembly of the 
blanket 
the nondestructive investigations are currently under 
way and are expected to confirm proper quaiity of the 
weldments 
a further test welding will be performed using a 
specimen with cooling channels. The purpose is to 
confirm the possibility of nondestructive testing under 
geometrical constraints, as weil as to confirm that the 
welding procedure is not influenced by the presence of 
cooling channels in the joined sections. 
Parallel to these investigations, a numerical analysis of the 
welding procedure was performed [4,5]. As a result, time 
dependent temperature and stress fields were obtained. Also, 
residual stresses were calculated and the effect of post-weid 
heat treatmentwas considered. Welding and residual stresses 
may be responsible for the initiation and propagation of 
cracks in the weid and are therefore essential for a reliability 
analysis (see Task BL SA D1). 
The spatial power density distribution needed for the thermal 
analysis results from the neutranies analysis. The maximum 
power density occurs in the poloidal mid-plane of the 
outboard blanket and amounts to 25 MWfm3 in the structural 
material and 19 MW/m3 in the Pb-17Li. For the plasma facing 
blanket surface an average heat flux of 0.4 MW/m2 and a 
local peak value of 0.5 MW/m2 was assumed. 
The thermohydraulic Iayout for inboard and outboard 
blankets has been completed. The total power generated is 
30 MW in an outboard segment and 0.6 MW in an inboard 
half-segment. The inlet and outlet temperatures of the 
helium (250/350"C) and the Pb-17Li (275/425°C) have been 
selected using arguments like: sufficient margin to the DBTI 
of the martensitic steel and the melting point of the Pb-17Li, 
Iimitation of the maximum structural and Pb-17Li interface 
temperature, attractive thermal efficiency of electrical power 
generation, etc. The helium pressure is 8 MPa. The pressure 
drop of the helium flow amounts to 0.148 MPa in the 
outboard and 0.122 MPa in the inboard blankets. 
For the calculation of the temperature and stress distribution 
in the structures, the FE code ABAQUS was used. The analysis 
was carried out for a radial/toroidal section of the outboard 
blanket with a poloidal height of one helium channel pitch 
(see Fig. 2). The alternating direction of the helium flow in 
neighbouring channels were taken into account by an 
iterative adjustment of the poloidal interface temperature 
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Fig. 2: FE Mesh Used in 3-D ABAQUS Calculations. 
for a surface heat Ioad of 0.4 MWfm2. The maximum 
temperature occurs at the edge of the plasma facing surface 
of the blanket segment and amounts to 490°C. At the peak 
thermal Ioad of 0.5 MWfm2 the maximum structural 
temperature reaches s2o•c. 
in the stress calculations a quasi plane strain condition was 
applied for the poloidal surfaces of the model which means 
that these planes remain plane and parallel. Forthebreeder 
zone (Pb-17Li) the same pressure of 8 MPa was assumed as for 
the helium system. This is a conservative upper Iimit of the 
interna I Ioad which is reached only in case of a leak between 
the helium and the Pb-17Li systems. The temperature field for 
0.4 MW/m2 was used. The calculated primary von Mises stress 
amounts to 120 MPa. This value is below the Iimits for yield, 
rupture and 20 000 h creep stress allowed for MANETat 49o•c 
according to ASME (217 MPa in case of bending). The total 
von Mises stress (primary plus secondary distribution is shown 
in Fig. 3. The maximum stress occurs at the location of the 
temperature maximum and amounts to 441 MPa. This is weil 
below the allowable stress of 494 MPa according to ASME. 
The global thermomechanical behaviour has been 
investigated in an additional two-dimensional ABAQUS 
analysis for a radial/poloidal section of the outboard blanket 
segments. These investigations show that the influence of the 
helium pressure and the gravity Ioad on the global 
displacements is negligible. The maximum thermalstress and 
the stress distribution in the first wall depend strongly on the 
support conditions of the segment and the temperature of 
the backward shield plate. A relatively cool shield plate 
increase the bending of the free hanging blanket. This causes 
a reduction of the thermal stresses. lf bending is restricted by 
an additional support, e.g. by connecting the shield plates of 
the segments to a rigid toroidal shell, a hot shield causes an 
increased poloidal strain and also a reduction of the 
seconda ry Stresses. The quasi plane strain conditions assumed 
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in the three-dimensional calculation for the radial/toroidal 
section was confirmed to be reasonable in the case that 
bending of the segment is suppressed. By optimizing the 
boundary conditions a reduction of the main compressive 
Stresses of up to 28% can be reached. The resulting von Mises 
Stress need tobe determined in additional three-dimensional 
calculations. 
The shield temperatures assumed in the two-dimensional 
calculations were in all cases lower than the mean value of 
the minimum and maximum temperature of the blanket 
structure. This allows the conclusion that also under 
operational transients the temperature difference between 
the shield and the structure, and consequently also the 
thermalstresseswill notbeI arger than underthe steady state 
conditions described above. 
The investigations of the magnetohydrodynamic (MHD) 
issues ofthis concept are described underTasks BL MH-D1 and 
BL EL-D1. 
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BL PC-D 2 Active and lnactive lmpurities and 
Clean-up of Molten Pb-17Li 
1. Adj ustment of Iithium concentrations 
The Iithium concentration in a blanket will change because of 
different effects. The melting point of the mixture increases, 
causing the risk of blocking. Also the tritium breeding ratio 
and transport properties of tritium by the molten mixture 
change. The Iithium concentration, therefore, has to be 
adjusted. While Iead can be added in case of an Li-enrichment 
(e.g. because of segregation effects [1]), Iithium cannot 
because of the I arge density difference. The two intermetallic 
compounds Li Pb and Li 3Pb were fabricated in an argon glove 
box. Both compounds were used to add Li to mixtures of Li 
and Pb [2]. The dissolution rate of LiPb and Li 3Pb is 0.14 
g/cm2·h at 300°C (stirred mixture). Therefore it is easy to 
adjust a desired Li-concentration. lt is even possible to 
produce the eutectic mixture from pure Iead in smaller 
facilities by adding Li 3Pb. This was done stepwise in a thermal 
convection loop with originally pure Iead. Fig. 1 shows the 
increase ofthe Iithium concentration in this loop [2]. 
3~-----------------------, 
2 
50 100 150 
time (hours) 
200 
Fig. 1: Li concentration in Thermal Convection 
Loop 6 while adding Li3Pb 
2. Purification of Pb-17Li 
250 
Most of the investigations are done with the facility TRITEX. 
This is a pumped Pb-17Li loop from ferritic steel [3), now 
running in experimental phase 6. The main modification to 
phase 5 is a completely new designed Cold Trap. The photo 
shows the arrangement at the loop. The firstpartat the right 
is an air cooled section. There, seven chambers at fixed 
ternperatures contain wire coils for deposition, each with 
130 cm2 surface. The second part is an isothermal deposition 
area with more than 1 m2 ferritic steel wire mesh. The 
temperaturein this part is kept constant within 1 degree. 
TRITEX will run for 2000 to .4000 hours with constant 
conditions. After this, the Cold Trap will be analyzed. From 
the results, a model for the design of a technical Cold Trap 
will be developed. 
Fig. 2: Arrangement of Cold Traps in TRITEX du ring 
experimental phase 6 
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BL EI-D 1 Electricallnsulation and Coatings 
1. Direct Electricallnsulation 
The oxidation of the aluminide layers on MANET steel 
produced by means of the "Hot-Dip" procedure was 
performed under reduced partial pressures of oxygen. The 
oxidizing atmosphere was Argon containing H2 of a partial 
pressure of about 5 kPa, this gaswas saturated with H20 at 
room temperature [3]. The kinetics of oxidation at 9oo•c were 
slower than in air as oxidizing medium [1 ,2]. The oxide layers 
gained in the low oxygen atmosphere were of higher purity 
compared to the reaction product of the oxidation with air. 
The long Iasting process step of oxidizing the aluminide layers 
made the thermal treatment 
The oxide layers were of sufficient thickness after a reaction 
time of about 100 h, however, the integral measurements of 
the electrical resistance of coated specimens in contact with 
Pb-17Li at 4oo•c indicated that the layers contained some 
spots of low resistance. Such spots seemed to occur at edges 
and similar regions of the specimens. 
Some specimens provided by ENEA in the particular size 
designed forthermal cycling tests in Pb-17Li within the LIFUS 
2 facility at Brasimone were aluminized by means of hot-
dipping and subsequently oxidized. These specimens which 
are not designed for in-line measurements of the electrical 
resistance will be used for the first tests. The aim ofthese tests 
is the detection of cracks or spalling of of coatings due to the 
thermal cycling in Pb-17Li. 
Vanadium alloys (V-5Cr-5Ti and V-1Si-3Ti) were reproducibly 
coated with aluminide layers of sufficient thickness. Such 
aluminized V alloy samples were exposed to sodium at 500 to 
5so•c in the presence of nitrogen atmosphere or of dissolved 
sodium azide (NaN3). The reactions of the aluminide with 
dissolved nitrogen were incomplete in all cases, the effect of 
temperature on the results indicated that the formation of 
aluminum nitride layers might occur at still higher 
temperatures. The solubility of V in liquid Iithium was 
evaluated from corrosion tests [4]. 
The electrochemical measurements of the chemical activity of 
Al in iron aluminides at high temperatures are completed. 
Some chemical analyses are still necessary to relate the 
thermodynamic data to exact compositions of the alloys. The 
results will then be evaluated in respect to the 
thermodynamics of the self-healing in contact with Pb-17Li 
alloy containing traces of oxygen and documented. 
Literature: 
[1] H. Glasbrenner, H.U. Borgstedt 
[2] 
"Preparation and characterisation of Al20 3 I FexAiy 
layers on MANET steel", J. Nucl. Mater. f..1l:lli (1994) 
1561-1565. 
H.U. Borgstedt, H. Glasbrenner, Z. Peric 
"Corrosion of insulating layers on MANET steel in 
[3] 
[4] 
flowing Pb-17Li", J. Nucl. Mater. 212-215 (1994) 1501-
1503. 
H.U. Borgstedt, H. Glasbrenner 
"The development of a direct insulating layer for liquid 
meta I cooled fusion reactor blanket", Intern. Symp. on 
Fusion Nuclear Technology 3, Los Angeles, 27.6.-
1.7.1994. 
C. Guminski, H.U. Borgstedt 
Solubility of vanadium in the liquid alkali metals 
Iithium and sodium", Z. Metallkde. 85 (1994) 
November issue 
H.U. Borgstedt 
H. Glasbrenner 
Z.Peric 
H. Kleykamp 
W. Laumer 
2. Irradiation Behaviour of lnsulating Coatings 
2.1 Neutron irradiations 
During plasma operation, the insulator placed between the 
circulating meta) coolant and the surrounding steel structure 
to Iimit the MHD pressure drop is subjected to a neutron flux 
of ab out 1 X 1015 n/(s cm2), an applied electrical field of 1 kV 
(DC)/cm and a temperature up to 45o•c. A full power lifetime 
of 20 000 h results in a neutrondarnage in Al20 3 of 45 dpa. 
To investigate the behaviour of Al20 3 und er such conditions, 
irradiation experimentswill be carried out in the HFR Petten. 
ln the first test series, four highly pure (99.8%) bulk plates of 
14 mm diameter and 0.5 mm thickness will be used. They are 
on both sides covered with vapor-deposited meta I electrodes 
to be connected with the electrical Ieads for voltage, guard 
and current. The probes are separately placed inside inner 
capsules, which are filled with He or are evacuated. These 
inner capsules are placed inside outer capsules, which are 
cooled by reactor water. By changing the gas-mixture inside 
the gaps between inner and outer capsules the temperatures 
of the inner capsules can be controlled. The outer capsules 
will be inserted in a special rig of the type TRI0-131, which 
will be placed into one of the experimental in-core positions 
of the HFR-Petten. 
The irradiationwill start early in 1995. At the end of 1995 a 
darnage of ab out 7 dpa will be reached. 
J. Aberle 
K. Schleisiek 
G. Schmitz 
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3. Irradiation Behaviour of lnsulating Coatings 
Among the properties of importance the electrical behaviour 
of insulating ceramic materials under irradiation plays a 
central role in various control and diagnostic components as 
weil as in the selection and design of blanket and vacuum 
current breaks. 
Weil known in the Iiterature is the radiation induced 
conductivity (RIC), which is due to the excitation of electrons 
from the valence into the conduction band by X- and y-Rays 
or charged paricles. RIC has often been found tobe in a wide 
range proportional to the density of this energetic ionizing 
partides and inunediately disappeais vvhen the partide 
current is turned off. Even under intense neutron irradiation 
where the ionizing dose rates usually are much smaller 
compared to charged particle irradiations, RIC is orders of 
magnitude above the thermal induced conductivity at 
elevated temperatures. Recently, E. Hodgson discovered an 
additional considerable increase in the conductivity, called 
radiation induced electrical degradation (RIED), during 
electron irradiation when an electric field is applied. ln 
contrastto RIC, RIED has found tobe of permanent character. 
The prime objectives of the present investigations are: Firstly, 
to contribute to a clarification of the present uncertainties on 
whether Al 20 3 and AIN can suffer quickly a permanent loss of 
their electrical resistivity, when an electrical field is applied 
du ring irradiation. Secondly, to produce weil defined data on 
the in-situ and postirradiation conductivities o and o0 under 
fusion relevant loading conditions up to darnage Ieveis far 
beyond those ones, which typically could be reached by 
electron irradiations. 
3.1 Experimental 
Ceramic specimens have been cut from plates made of 
polycrystalline AIN (99.6%), Al 20 3 (99.9%, Vitox) and Al 20 3 
(99.2%, Wesgo). The main impurities analysed with chemical 
methods are: Fe (0.08%) and 0 (0.34%) in alumini um nitride, 
MgO (0.09%), CaO (0.03%), Na20 (0.03%) and Fe20 3 (0.03%) 
in Vitox-alumina, as weil as MgO (0.31 %), CaO (0.095%), 
Na 20 (0.027%) and Fe20 3 (0.076%) in Wesgo-alumina. All 
numbers are given in weight-%. To ensure weil defined 
measurements of the volume conductivity, a guarded circuit 
design with three electrodes was used (fig. 1). The substrate 
consisted of a hollow fatigue specimen with a square cross 
section developed for in-beam creep-fatigue experiments and 
was made of the European ferritic/ma rtensitic reference steel 
MANET. 
The setup shown in Fig. 1 served several vital functions: (i) The 
solid state bonding between ceramic and MANET-steel 
removes effectively the heat deposition of the a-particle 
beam and minimizes thermal gradients. Even in the alumina 
samples with its very low thermal coefficient of linear 
expansion the calculated temperature gradient amounted to 
less than 3 K during these irradiations. (ii) The solid state 
bonded Ieads guaranteed constant and small ( < 1 n) contact 
resistance. (iii) An isolated, calibrated tiny thermocouple 
Fig. 1: Cross section of the experimental setup showing a 
ceramic specimen brazed onto a MANETsteel and 
equipped with electrodes, Ieads, and a 
thermocouple. 
brazed between ceramic and iviANEi substrate allowed to 
measure directly the temperature in the centre of the beam 
spot. 
All irradiations were performed using the high enery Dual 
Beam Facility of KfK, where a-particle beam has been used. 
Table 1: 
Irradiation conditions und er which the conductivity 
measurements were performed 
Ceramic thickness (0.25- 0.47) mm 
E-field (DC) 100 k V/m 
a-particle energy 104 MeV 
Displacement rate (0/N-Iattice) (6- 8) x 10-s dpa/s 
lonizing doserate < (4.5- 6) x 105 Gy/s 
Beam size 004mm 
a-particle beam current (1.3-1.7)!-IA 
Vacuum (total pressure) (5 ± 4)x 10-6 mbar 
ln this work all dpa-rates are calculated with TRIM-91-Cascade 
assuming sublattice specific threshold energies of Ed (AI)=20 
eV and Ed (O) = 65 eV for alumina, and Ed (Al)= Ed (N) =50 eV 
for AIN. The displacement darnage rate given in table 1 
represent only the darnage of the 0- and N-sublattice. The 
total displacement darnage rates including the Al-atoms 
would be 3.6 times that of the 0-sublattice in alumina and 
twice that of the N-sublattice in aluminium nitride. 
Standard methods have been used to measure the DC 
resistance or conductivity of the ceramic specimens. Of special 
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irnportance for elevated ternperature irradiations under an 
electric field is the avoidance of significant errors due to 
carbon layers which rnay grow during the extended 
rneasuring periods at the specirnen surface leading to short-
circuiting currents. Therefore, the gap resistivity R9 between 
central and guard electrode has to be far above the 
interesting volurne resistivity Rp=Up/lp, where Up=(20-40) 
V is the applied valtage and lp the rneasured current through 
the central electrode. 
3.2 Results and discussion 
ln the high purity Vitox-alurnina the electrical conductivities o 
and oO show the highest irradiation induced electrical 
breakdown ever observed (Fig. 2). 
' \ 
' 
-- in beamo 
--out of beam a0 
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100V/mm 
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Displacement darnage [dpa] 
Fig. 2: Electrical volurne conductivity during (o) and after 
(o0) 104 MeV a-particle irradiation in high vacuurn. 
The o0 rneasurernents were always taken three rninutes after 
turning oft the a-particle bearn. Because the resistivity 
between the central electrode and the guard ring kept a high 
value of R9 =(6±2)X1011 0 during the 115 hours of 
irradiation, any surface layers forrned during irradiation and 
leading to short-circuit currents can unarnbiguously be ruled 
out. Therefore, o and o0 represent volurne conductivity, that 
is, significant RIED occurs. After irradiation o0 still shows an 
Ohrnie behaviour in Vitox-alurnina and in cantrast to 
unirradiated ceramies alrnost no ternperature dependency 
(fig. 3). 
The irreversible nature of RIED is confirrned. lt is irnportant to 
note, that the Saturation Ievei near 4 X 1 o-2 (Orn)-1, reached 
Tamperature [0 C] 
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Fig. 3: 
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Ternperature dependency of the conductivity o0 
before and after irradiaiton at 450°C. All 
rneasurernents were perforrned in high vacuurn. 
already after 0.015 dpa, is above the critical value of about 
10-3 (Orn)-1 necessaryto avoid MHD pressure drop with 10 (Jrn 
coatings in flowing liquid rnetal coolants. 
ln cantrast to Vitox-alurnina no RIED at all has been observed 
up to darnage Ieveis of about 0.015 dpa in Wesgo-alurnina 
and AIN (figs. 3 and 4). The initial o0 values even decrease 
during the early stage of irradiation. Consequently, these 
grades reveal a rnuch higher resistance to darnage 
acccurnulation. 
At a given ternperature, the difference between the in-situ 
conductivity o and the out-of-bearn conductivity o0 is due to 
RIC. ln general, RIC is strongly correlated with the Gy-
production andin our experirnents ranges typically frorn 10-6 
to 10-7 (Orn)-1. Therefore, the total conductivity o0 during 
irradiation can be either governed by RIC (e.g. in Wesgo-
alurnina) or by RIED (e.g. in Vitox-alurnina). 
The general consensus of the present data, that RIED 
sensitivity is at least greatly retarded in Al20 3 grades with 
higher arnounts of irnpurities, is a prornising result for coating 
developrnents, but has to be confirrned also at rnuch higher 
dpa-doses. Furtherirradiation experirnents arealso necessary 
to investigate the nature of RIED and the electrieal behaviour 
of suitable coatings. 
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BL MH-D 1 Liquid Metal MHD 
ln designing self-cooled liquid meta I blankets, the magnitude 
of the MHD pressure drop and the heat transfer 
characteristics represent important design issues. MHD re-
search is related both to a poloidal-toroidal blanket concept 
[1) and the Duai-Coolant Blanket [2), compare BL DE-01. 
Velocitydistribution in U-bends partly parallel to the 
magnetic field 
Mercury experiments were performed [3) with a U-bend 
where the magnetic field is perpendicular to the "radial" 
ducts and paral!e! tc thc 11 toroida! n duct in bet~veen. For heat 
transfer from the First Wall (FW) of the toroidal duct (Fig. 1) 
the velocity distribution is of prime importance. 
First Wall 
Fig. 1: Coordinates in toroidal duct 
Measurements of mean velocities and velocity fluctuations 
were performed with hot wire anemometry (HWA) and 
electric potential probes (EPP). Theoretically, the flow 
distributions were predicted for inertialess MHD flow with 
the Core Flow Approximation. 
Figure 2 shows HWA velocity distribtuions for different values 
of the Hartmann number Ha and Interaction parameter N. 
For hydrodynamic flow (Ha=N=O) a recirculation zone exists 
close to the "Second Wall". With increasing N this 
recirculation zone disappears and the liquid from the core is 
pushed towards the FW, as predicted by theory. 
Therefore,heat transfer from the FW should be considerably 
' 
.-.." 
...- . 
........ ' > 
enhanced compared to a slug type velocity profile as assumed 
previously. 
ln the core a pair of vortices exists with axis parallel to the 
magnetic field as shown by the EPP signals in Fig. 3. Such 
vortices would be additionally beneficial for heat transfer. 
Pressuredrop in poloidal-radial manifolds 
Significant pressure drop due to 3D electric currents were 
expected for this flow geometry. Screeningtestsfora variety 
of geometric and MHD parameters were carried out [4) using 
mercury as liquid meta!. Fig. 4 shows the test section and 
characteristic results. The normalized pressüre drop decreases 
with increasing Interaction parameter. The pressure drop in 
the middle channel is generally the highest. A very 
conservative extrapolation of the results to blanket 
conditions (linear increase of pressure drop with channel 
number) results in a value far below the maximumtolerable 
value. 
Pressuredrop in 20 flow geometries 
Flow ducts with constant dimensions in the direction of the 
magnetic field (20 geometries) are favourable for blanket 
designs because no additional pressure drops are expected 
for high values of Ha and N for changing flow direction 
and/or combining/dividing flow. Figure 5 shows the 20 duct 
geometry at the bottom of the Duai-Coolant Blanket 
(compare BLDE-01). For very low values of the Interaction 
parameter N, considerable additional pressure drops 11p occur 
dueto the occurence of recirculation zones /5/. For N>20this 
pressure drop has disappeared which means that for blanket 
relevant conditions (N=2000) the resulting MHD pressure 
drop can be assessed with sufficient accuracy using 
relationships for developed flow. 
Pressuredrop in multichannel U-bends parallel to the 
magnetic field 
A set of experiments in multi-channel radial-toroidal-radial U-
bends using NaK has been performed in the MEKKA facility. 
The electrical coupling of the U-bends can cause unequal 
pressure drops or flow rates in the individual channels. 
.......... 
..- ' ........ 
> • ; 
Ha=N=O Ha=460; N= 17 Ha =230, N=35 
Fig. 2: Velocitydistribution (HWA) in the toroidal duct (x=20 mm) 
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Fig. 3: Velocity components perpendicularto x (EPP) (x=35mm, Ha= 255, N= 38) 
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Manifold test sections and characteristic pressure 
drop results 
45 
One test section was electrically conducting in all parts to 
study multi-channel effects (MCE, fig. 6a). ln this 
configuration a linear increase of the pressure drop with 
increasing amount of coupled channels was measured in the 
highly pressure loaded center channel. The additional 
pressure drop due to inertia effects was found to scale with 
N- 113, this inertial part of the pressure drop can be of the 
order of the inertialess pressure drop. With increasing 
amount of coupled channels the intertial part of the pressure 
drop increases (fig. 6b [6]). ln multi-channel U-bend 
experiments performed in Riga using an lnGaSn-alloy a full 
suppression of MCE was measured if the radial channels 
were completely electrically separated up to the first wall [7]. 
A second test section was built in which only the dividing 
walls in the radial duct parts were electrically separated (all 
other walls were conducting) in order to judge about the 
minimum requirements necessary for an electrical Separation. 
The pressure measurements showed that MCE's are still 
present, because electrical currents can short circuit through 
the Hartmann walls. All other effects like the linear increase 
of the pressure drop with the number of coupled ducts and 
the N- 113-dependence of the inertial part of the pressure drop 
remained unchanged. The effect of the separation of the 
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dividing walls Iead to a reduction of the pressure Iosses of 
about 30% (see fig. 7, [8]). 
MHD heat transfer and pressure drop in an electrically 
insulated channel 
A heat transfer-experiment at fusionrelevant parameterswas 
carried out in the MEKKA-facility [9, 10] in which the side 
wall of a reetangular (80 mmX40 mm) test section is heated 
over a length of 0.5 m using a direct contact heater, which 
allows a homogeneaus heat flux up to 20 W/cm2 (Fig. 8). The 
liquid meta I contacting surfaces of the test section made of 
stainless steel are electrically insulated by a temperature 
resistant painting. 
Hartmann Numbers up to 5000 (2 Tesla), Interaction 
pa rameters 320- 22000, Peclet n umbers 44-2200 based on 
the half-width in the field direction (a =40 mm), and 
symmetry pl~ne 82 
/ 
(a) 
Fig. 6a,b: a) lnvestigated multi-channel geometry 
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Fig. 8: The MHD/heat transfer test section 
velocities between 0.04 and 2.5 m/s, were achieved. The 
working fluid was NaK (sodium potassium eutectic). 
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b) Dimensionsless pressure dropinan electrically coupled 
radial-toroidal-radial U-bend 
The experiments showed that due to the nonperfect 
insulation the pressure drop without turbulence promoters 
(TP) is about 8 times higher than predicted for perfect 
insulation. 
Even in the case of the smooth channel without any TP a 
vortex structure is found for Pe > 140 increasing the heat 
transfer by a factor of 2.8 for the highest Hartmann - and 
Peclet number measured. After inserting 2 mechanical TP' s 
strong oscillations are observed improving the heat tra nsfer 
by a factor 7 for Pe=2200. A cost (increased pressure drop) 
benefit (increase of heat transfer) analysis shows the 
efficiency of the chosen mechanical TP' s (Fig. 9). 
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Fig. 9: Cost-benefit of turbulence promoter 
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Supplementary experiments conducted in the insulated duct 
of the horse track Gallium-Indium-Tin (eutectic) loop 
GALINKA confirmed the predicted low pressure drop in an 
insulated duct and showed the existence and the high 
stability of two-dimensional vortices with the vorticity axis 
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parallel to the field in reetangular ducts with electrically 
insulating walls. 
MHO- Theoretical Work for blanket relevant flows 
The flow through many basic elements of fusion blankets 
(bends, expansions, contractions, changes of cross section, 
etc.) is three-dimensional (30). For flows in strong magnetic 
fields one has to distinguish between two different types of 
3D flows. For flows in bends or expansions, where the mean 
flow direction changes only in the plane perpendicular to the 
magnetic field it has been shown that 30 effects in both 
conducting and insulating ducts are insignificant [11, 12). 
ldeally, the coolant should flow in the radiai-poioidai piane of 
a blanket as shown in figure 10. This allows to avoid pressure 
loss due to 30 effects. 
Q 
Q,:Q/3 
Fig. 10: 
Fig. j,Jb 
Flow in a non-symmetric 180° turn with 
manifold related to the lower part of the Dual 
Coolant Blankt Concept. Duct walls are 
insulating. 
For bends and expansions in the plane of the field 3D effects 
are more pronounced [11, 13). For flows in insulating 
expansions in the plane of the field a numerical code is being 
developed, which treats the flow in the core and in the side 
layers (core and side layers are flow subregions) 
simultaneously. This code will be applied to the flow in an 
expansion with manifold. 
For MHD flows exhibiting vortextype flow pattern a model 
has been developed which accounts for vorticity production 
caused by non-homogeneaus electrical conductivity of the 
channel walls as weil as for vorticity dissipation due to Joules· 
and viscous effects. By choosing a special distribution of the 
wall conductivity it is possible to create initial velocity profiles 
which loose their stability and showtime dependent vortex 
type flow pattern once parameters exceed critical Iimits (see 
figure 11, [14]). These exact Iimits and further the implication 
of the time dependent flow on heat transfer are under 
current investigation. 
Fig. 11: Formation ofvortex type MHD flow caused by a 
highly conducting strip aligned with the mean 
flüw diiection 
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Bl SA-D 1 Reliability Assessment 
The reliability of the blankets, the He Cooled Breeder Blanket 
as weil as the Dual Coolant Concept (see BSDE-D1 and BLDE-
D1), has been evaluated by fault tree analysis. The TOP events 
are defined as the unavailability of the entire blanket systems 
when they ought to be available. The main basic events are 
disturbances in the coolability mainly caused by leakages of 
the coolants which result inshutdown ofthe plant. Especially 
critical are leakages from the blanket into the vacuum. The 
determinant events for both concepts are failures of the 
different welds. A typical example is the failure of the EB 
double welds which connect the blanket sections. A leakage 
of both weids wouid immediateiy cause a plant shutdown. 
The other welds in the blankets, including the diffusion 
welds, are less critical, they are considered in thesensethat a 
weid failure would endangerthe integrity of the structure. 
According to the assumptions concerning reliability of the 
welds three cases are defined because of the similarity of the 
concepts. The cases are identical for both blanket concepts. ln 
order to account for the large uncertainties in the 
assumptions the mean time to repair (MTTR) is selected as 
parameter. 
Case 3 is the most conservative one based on the assumption 
that the EB double weid at the FW is classified with the same 
failure rate (1·10-Sfmh) as a conventional single weid. A 
failure of a diffusion weid in the FW panel is set equal to a 
darnage of the structure so that a blanket exchange is. 
required. The specific failure rate of the diffusion welds is 
taken as 1·10-9 /mh. The specific failure rate for the 
longitudinal welds is assumed as 1·10-9 /mh. ln both cases a 
leak is tolerable; only in combination with a darnage of the 
integrity of the structure an undesired event has to be 
supposed. 
Case 2 is based on the same assumptions as Case 3 except the 
diffusion welds, where only those are considered which are 
neighbouring the EB double welds. 
Case 1 is equivalent to Case 2 except the very conservative 
assumption on the EB double welds. ln this case the specific 
failure rate is reduced by the factor 10 to the more realistic 
value of 1·1 0-9 /mh. 
Helium Cooled Solid Breeder Blanket 
The calculated availabilities for the blanket are shown in 
Fig. 1. As expected the results for Case 3 show the lowest 
availability. Exclusion of those diffusion welds which have no 
importance for the leaktightness of the blanket (Case 2) Ieads 
to a significant increase ofthe availability. Case 1 would result 
in the highest availability of all cases und er consideration and 
is judged as the mostprobable case. 
The Dual Coolant Concept 
Fig 2 shows the results of the analysis for the Dual Coolant 
Concept. The relation between the three cases is similar to the 
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Solid Breeder Blanket but the availabilities are in general 
somewhat higher. This is mainly a consequence of the flow 
leading system between the horizontal cooling plates and the 
He manifoids in the Solid Breeder concept. 
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Conclusions 
~ 
ln general, at this time there are no indications that 
availability aspects will give rise to particular problems with 
these blanket designs. 
Difficulties and uncertainties in the reliability analysis arise 
mainly from the Iack of completeness in the design and from 
the novel feature of components and systems without 
adequate operating experience. The preliminary results from 
the experimental verification so far support the assumptions 
which have been made. But work must continue and further 
R&D is necessary. 
H. Schnauder 
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BL SA-D 2 Safety Analysis of Self-cooled 
LM Breeder Blankets 
The European Blanket Coordination Group has established 
the procedure for the "DEMO Blanket Selection Exercise" to 
be started in 1994. This blanket selection will be based on a 
number of status reports for each of the European blanket 
concepts under development. ln this context the work 
reported herein was devoted to safety analyses for the Dual 
Coolant Blanket concept pursued by KfK, according to the 
safety and reliability criteria developed earlier for the blanket 
selection exercise. The hazard potential and accidents related 
to the Dual Coolant BI anket have been assessed [1] under the 
following topics: (1} toxic inventories, (2) energy sources fcr 
mobilization, (3) fault tolerance, (4) release of radionuclides, 
and (5) waste management. 
Toxic inventories 
Radioactive inventories in the different regions of the blanket 
(inboard, outboard, first wall, breeding zone and shield) as 
weil as in the cooling systems have been assessed and are 
summaiized in Table i in two categories, i.e., tritium and 
activation products. 
The tritium inventory in the breeder (Pb-17Li) is determined 
by the recovery process and is moderate (30 g). A considerable 
amount of tritium ( =-4 g/d) will permeate into the helium 
coolant. This is assumed to be permanently removed, so that 
the tritium concentration in the helium can be kept low, say 
< 1 wppm, corresponding to a total inventory of <9 g. The 
tritium inventory in the intermediate NaK circuits depends on 
the achievable permeation barrier factor of between 50 and 
1000 resulting in a total amount of 4-42 g with a greater 
likelyhood towards the upper value, since a high permeation 
barrier factor is aimed at. Tritium Iosses to the steam circuit 
(ferritic steel without any permeation barrier) are estimated 
tobe 0.12 g/d (1200 Ci/d). Thus, barrier factors in the order of 
120 need to be achieved in order to reduce the Iosses to 
10 Ci/d. With another loss of 10 Ci/d via the helium cooling 
system, the total tritium Iosses of 20 Ci/d (0.002 g/d) would 
accumulate to 1.7 g of tritium in the entire water/steam 
system, which is acceptable. The tritium inventory in the 
recovery system is governed by the inventory in the cold traps 
and amounts to 2.5 g per circuit, i.e., 200 g for 80 circuits, 
corresponding to approximately one half of the daily 
production. The structural material will accumulate about 
19 9 of tritium with a weight concentration in the first wall of 
72 wppb (compare Table 1). 
Activation products inventories have been assessed based on 
the calculations performed under BL DE-D1. The specific 
activity in the Pb-17Li after decay times of 0 s, 1 h, 1 d, 1 
month, 1 yr amounts to 2.4X1014, 1.1X1013, 5.2X1012, 
1.4X1011 , 2.1X1010 Bq/kg, respectively. Accounting for a 
radial activation profile and for the actual residence time the 
circulating liquid metal spends in the flux region, a dilution 
factor of 10 has been estimated, leading to the values quoted 
in Table 1. Activation products in the first wall helium coolant 
are introduced by corrosion and sputtering. They have to be 
Table 1: Radioactive inventories in blanket and related 
systems 
Activation Products after 
Blanket region Tritium shutdown 
orsystem (g) (Bq) 
Os 1 year 
Breeder material 30 6x1 020 5.3x1016 
Primary first wall <9 1.5x101 1 0.5x1011 
coolant (Helium) 
Intermediate 4-42 neglibile negligible 
coolant (NaK) 
Steam system < 1.7 negligible negligible 
Tritium 200 negligible negligible 
recorvery system 
Structural 19 1.5x1 020 5.2x1019 
material (total) 
Firstwall 7.2 5.2x1019 1.9x1019 
Breeding 11.5 9x1019 3.3x1 019 
material 
Shield 0.3 4.4x1 018 5.5x1017 
lnsulating layers negligible 2.1x1019 4.5x1011 
permanently removed, in order to avoid accumulation 
somewhere in the circuit components. Therefore, the 
contents are considered tobe small, i.e., <1.5X1011 Bq. The 
specific activity in the first wall (including impurities as 
specified for MANET) after decay times of 0 s, 1 h, 1 d, 1 
month, 1 yr is 5.7X1014, 4.9X1014, 3.5X1014, 3.1X1014, 
2.1 X 1014 Bq/kg, respectively. lt decays much slower than in 
Pb-17Li. ln the breeding zone and shield the radioactivities 
are considerably smaller. The specific activity in the insulation 
layers has not been evaluated explicitly, but an estimation 
showed that it is negligible after a few minutes. 
Energy sources for mobilization 
Potential energy sources in upset or accidental conditions are 
seen in (a) plasma disruptions, (b) continued plasma 
operation after cooling disturbances, (c) decay heat, (d) work 
potential of pressurized coolants, and (e) exotherrnie 
chemical reactions. 
(a) Plasma disruptions can cause local evaporation of first 
wall material or mobilization of adhesive dust. This is a 
problern of first wall protection and dust processing 
that is common to all fusion reactors and not specificto 
a particular blanket system. The energy source is 
essentially the energy stored in the plasma, typically 
=- 1 GJ. 
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(b) Continued plasma operation after a sudden cooling 
disturbance would cause any first wall to melt within 
tens of seconds. The energy source is simply the time 
integral of fusion power from the cooling disturbance 
to complete shutdown. This time integral is inherently 
small (by plasma poisening) or otherwise a matter of 
plasma control and of hypothetical scenario 
conventions, and again not peculiar to a specific 
blanket concept. 
(c) The decay heat is the governing feature in managing 
cooling disturbances like LOCA, LOFA and, in 
particular, loss of site power or loss of heat sink. The 
decay heat in the entire bianket amounts to 53.2 MW 
after shutdown and declines after 1 h, 1 d, 1 month, 
and 1 yrto 10.8, 1.56, 1.22, 0.57 MW, respectively. 
(d) The first wall cooling system contains "'9000 kg of 
helium at 8 MPa, :.3oo•c. The work potential relative 
to ambient conditions is "'13 GJ. Adiabatic expansion 
of the helium from two outboard first wall cooling 
circuits ("' 2100 kg), which are connected within a 
subsystem, would pressurize the vacuum vessel in the 
event of an in-vessel pipe rupture to "'0.47 MPa 
absolute. This is above the expected design pressure 
(::.0.2 MPa) and, hence, would require an extra 
expansion volume. 
(e) Chemical reactions may occur between Pb-17Li and air 
or water in various accident Scenarios. These processes 
were found to be moderate, since in Pb-17Lilwater 
reactions only the Iithium reacts and the kinetics is 
controlled by the small Iithium mass fraction of only 
0.7%. For NaK/water reactions see section below. 
Fault tolerance 
The following analyses of electromagnetic forces and 
temperature transients have been performed in order to 
show whether this blanket system is tolerant against 
conceivable transients and accidental conditions. 
Electromagnetic forces and induced stresses caused by 
disruptions have been analyzed with the CARIDDI code. The 
3-D model covers one quarter of the blanket segment using 
poloidal and toroidal symmetry. Preliminary results indicate 
that the maximum von Mises stresses ranging up to 73 MPa 
are uncritical. 
Temperature transients have been studied for instantaneous 
loss-of-coolant seenarios with leaks in one of the three 
primary coolant circuits per blanket segment (2 helium 
circuits for the first wall and one Pb-17Li circuit for the 
breeding zone), and in the intermediate NaK circuit. A LOCA 
in a first wall helium circuit means at most an instantaneous 
loss of helium at t=O in one of the two helium loops. Plasma 
shutdown is assumed to occur at t= 1 s. A 3-D model 
representing two adjacent first wall cooling channels (one 
being intact and the other one failed) has been adopted in 
the FE analyses with FIDAP. Transient temperatures in the 
first wall exceed the steady state values for a few seconds by 
up to 1oo•c before they decline and stabilize at a low Ievei. 
The temperature transients do not endanger the integrity of 
the structure [2). 
A LOCA in the Pb-17Li circuit can cause (a) a loss of liquid 
meta I flow in the blanket in case of an ex-vesselleak, or (b) a 
drainage of the Pb-17Li from a blanket segment in case of a 
major in-vessel leak. For (a) the decay heat in the structure 
plus Pb-17Li would Iead to temperature rises, which stabilize 
at tpb.17u <tHe+ 16o•c, if the first wall cooling remains intact 
(tHe=helium coolant temperature). For case (b) with all Pb-
17Li removed but with the first wall cooling systems 
üpeiating, an estimation revea!ed a maximum structure 
temperature tstructure < tHe+ 100 •c. At tHe= 35o•c this is 
slightly above the normal operating temperature. These 
transients do not endanger the integrity of the structure. 
A LOCA in the intermediate NaK circuit with the consequence 
of substituting the NaK in the steam generator tube gaps by 
the cover gas, e.g. argon, would reduce the heat transfer 
coefficient in the steam generator by 1 to 2 orders of 
magnitude, leading to a strong temperature increase of Pb-
17Li at the steam generator outlet. ln order to avoid excessive 
temperatures in the blanket, the plasma has tobe shut down 
within approximately 60 s after drainage of the NaK. This 
scenario does not present a safety concern, but the 
temperature transients need further attention with regard to 
design Iimits of the structural material. 
Pb-17Li/NaK or NaK/water leaks may be postulated for the 
double-wall steam generator. While the firsttype would Iead 
to a limited LOCA in the Pb-17Li circuit, the second type 
would involve chemical NaK/water reactions which are 
exotherrnie and mostly violent. Such leaks had been assessed 
in an earlier study on the grounds of industrial experience in 
sodium technology with the result that a fast propagation of 
a single inner tube failure (defined as design basis accident) 
can be precluded. Confirming tests are proposed. 
Tritium and activation products release 
The release rates in accidental situations are hard to quantify 
at this stage of analyses. As a first approach one may take the 
radioactive inventories contained in the largest amount of 
fluid within the blanket system (Pb-17Li, helium and NaK) 
which could be liberated by a single failure (like a guillotine 
break) into either the vacuum vessel or other compartments 
of the containment. These escaped inventories will then have 
to be multiplied by a mobilization factor to obtain the 
potential gaseaus or suspended release into the vacuum 
vessel or containment. Table 2 summarizes the escape 
fractions, mobilization factors, and the resulting single failure 
releases into the vacuum vessel or containment which have 
been estimated for this blanket design. 
Waste generation and management 
Only the decommissioning waste has been considered. The 
total amount of radioactivity in the blanket structure 
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Table 2: ACCIDENTAL TRITIUM AND ACTIVATION PRODUCTS RELEASE INTO VACUUM VESSELAND CONTAINMENT IN 
CASE OF LOCA 
Fraction escaping into 
Totallnventory 
Vacuum 
vessel 
Tritium (q) 
Breeder material 30 ""0.035 
(Pb-17Li) 
Prim. FW coolant 9 0.24 
(helium) 
Intermediate coolant 42 0 
(NaK) 
FW structural material 7.2 0-0.01 
Activation products (Bq) 
Breeder material 6x1020 ""0.035 
(Pb-17Li) 
Prim. FW coolant 1.5x1011 0.24 
(helium) 
Intermediate coolant negligible 0 
(NaK) 
FW structura I material 5.2 X 1019 1 
(MANET) sums up to 1.5 X 1 os TBq at shutdown. The contact y-
dose rate per kg of steel in the firstwallrang es up to 1.1 X 105 
Sv/h, declining slowly so that the IAEA low Ievei waste (LLW) 
Iimit of 2 X 1 0·3 Sv/h is reached only after 105 years. The total 
amount of radioactivity in Pb-17Li is 6 X 108 TBq at shutdown. 
After a cooling time of 1 year the nuclide Hg-203 is the major 
contributor to the specific activity, and Po-210 yields the 
highest ingestion dose rate. The contact y-dose rate of Pb-
17Li reaches the LLW Iimit (if no purification is considered) 
after 300 years and the hands-on Iimit of 2.5X 10·5 Sv/h after 
about 7000 years. 
Literature: 
[1] K. Kleefeldt, W. Kramer: Contribution to the dual 
coolant blanket report, Reportto be published. 
[2] F. Damme!: Dual coolant liquid metal breeder blanket 
for DEMO: Transient thermal analyses forthe first wall, 
KfK Interna I Report in preparation. 
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Mobili-
Single Failure Release into 
zation 
factor 
Vacuum vessel Containment 
{g) {g) 
1 1.1 0.8 
1 2.2 2.2 
1 0 0.5 
1 0.07 0 
{Bg) {Bg) 
10·3 2.1x1016 1.6x1016 
1 4x1010 4x1010 
10·3 0 negligible 
<·10·5 5.2x1014 0 
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Development of ECRH Power Sources 
1. Introduttion 
At present, gyrotron oscillators are mainly used as high power 
millimeter wave sources for electron cydotron resonance 
heating (ECRH) and diagnostics of magnetically confined plas-
mas in controlled thermonuclear fusion research. Long-pulse 
and CW gyromonotrons utilizing open-ended cylindrical reso-
nators which generate output powers of 100-400 kW per 
unit, at frequencies between 28 an 84 GHz, have been used 
very successfully for plasma formation, ECRH and local current 
density profile control by noninductive current drive (ECCD) 
in tokamaks [1) and steiiarators i2i. Gyrotron systems with to-
tal power of up to 4 MW are in use. The confining toroidal 
magnetic fields in present day fusion machines are in the 
range of So= 1-3.5 Tesla. As experimental devices become 
larger and operate in high er magnetic fields (Bo= 51) and 
higher plasma densities (neo= 1- 2·1020fm3) in steady state, 
present and forthcoming ECRH requirements call for gyrotron 
output powers of at least 1 MW, CW at frequencies ranging 
from 140-170 GHz [3]. Since efficient ECRH and ECCD needs 
axisymmetric, narrow, pencil-like mm-wave beams with weil 
defined polarization, single mode emission is necessary in er-
der to generate a TEM00 Gaussian beam mode at the plasma 
torus antenna. 
2. Development of High-Power Fusion Gyrotrons 
2.1 0.6 MW TE10.4 Gyrotron with radial output coupling, 
advanced quasi-optical mode converter and depressed 
collector 
Radial output coupling of the rf power of a gyrotron into a 
Gaussian (TEM00) mode has three significant advantages for 
high-power operation. First, the linearly polarized TEM00 
mode is directly usable for low-loss transmission as weil as for 
effective interaction with the fusion plasma and no further 
mode converters are needed. Second, the converter separates 
the electron beam from the rf wave path, so that the electron 
collector is no Iongerpart of the output waveguide as in the 
case of an axially arranged tube. Hence, the collector can be 
designed especially for handling the high electron beam pow-
er. ln addition, energy recovery by potential depression be-
comes possible. Third, the influence of rf power reflected 
from the output window and the Ioad is expected to be sig-
nificantly reduced, especially for modes rotating in the oppo-
site direction from the design mode. 
Some of the main parameters of the TE10,4 mode gyrotron are 
summarized in Table 1. The tube arrangement with a quasi-
optical (q.o.) mode converter is shown in Fig. 1 [4]. 
The rotating TE 10.4 cavity mode is converted to a linearly po-
larized Gaussian beam by an advanced mode conversion sys-
tem designed according to [5,6]. lt consists of a helically cut 
quasi-optical aperture antenna with a deformed feed 
waveguide and three beam-forming mirrors. The rotating 
mode is converted bythe feed waveguide section into a mode 
mixture that assures an almost sidelobe-free radiation pat-
Table 1: Parameters of the 140 GHz TE 10,4 gyrotron with 
q.o. mode converter and depressed collector 
employing a triode-type MIG with an Osmium 
coated impregnated tungsten emitter. 
Ucath = 80 kV 
Umod = 25 kV 
lbeam = 25A 
Jcath = 6 A/cm• 
Bcath = 0.187T 
Rcath = 19.8 mm 
ecath = 26.6° 
1. high valtage 
2. cyrostat with 
sc • magnet 
3. etectron gun (diode) 
~. beam tunnel 
5. cavity 
6. quasi · optical 
mode converter 
7. rl · outpul 
tGauuian beam) 
8. rf • window 
9. insulator 
10. depressed 
coltector 
Rcav = 8.11 mm 
Lcav = 16mm 
Qdlff = 1150 
a = 1.1 
Bcav = 5.5-5.6 T 
Rbeam = 3.65 mm 
beam thickness = 0.5 mm 
400mm 
Fig. 1: Schematic Iayout of a TE 10.4 mode gyrotron with 
quasi-optical mode converter and depressed collec-
tor. 
tern when launched through the antenna aperture. After be-
ing refocused by a q uasi-pa rabolic mirror that corrects the 
phase in the transverse plane, an astigmatic Gaussian beam is 
obtained. Two further mirrors remove the astigmatism and 
direct the rf beam through the output window. The beam ra-
dius at the window is 25 mm (1!e2 drop of power density). The 
single disk window (100 mm diameter, d=4.4 mm=9Ac/2) is 
made of pyrolytic boron nitride which has a permittivity of 
about 4.7. The transmission capacity of the edge cooled disk is 
estimated tobe araund 500 kW for upto 0.3 s. 
The Operating mode can be identified by measuring the fre-
quency of the output signal. A contiguous filterbank receiver 
with a spectral resolution of 100 MHz is used for this purpose. 
ln addition, instantaneous frequency measurement during a 
single pulse is performed with a set-up employing a 
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frequency-time analyzer. Purity of the TEM00 output mode is 
measured with a thin dielectrictransmission target monitored 
by an infrared camera (Joel JTG-3210) and power measure-
ments are made using an octanol-filled static calorimeter. The 
maximum efficiency working point is at Ucath = 79 kV, 
lbeam= 23 A, Pout=0.50 MW (32% output efficiency, 38% elec-
tronic efficiency). The maximum power working point is at 
Ucath=83 kV, lbeam=27A, Pout=O.G MW (27% Output effi-
ciency, 12 ms pulse length). The mode purity of the TEM00 
output mode was measured to be 94.5%. Fig. 2 shows the 
measured power distribution at a distance of 0.83 m from the 
output window. ln a next series of experiments the pulse du-
ration will be increased to approx. 0.2 s. Proof of principle ex-
periments using a sing!e-stage depressed cc!!Gctor, bia!ied via 
a variable resistor, yielded an increase of the output-
efficiency up to 48 % (Ucol = 31 kV voltage depression). Fig. 3 
shows body current and output power versus the collector de-
pression voltage Ucoll· 
M02037 Z=.83M 
Fig. 2: Measured 3-dimensional power density distribution 
of TEM00 gyrotron output. 
ln addition, the gyrotron was operated in the TE 12,4 mode at a 
frequency of 154.7 GHz by increasing the magnetic induction 
to 6.1 T. Atthis frequency the single disk tube output window 
has the next minimum of the reflection coefficient (electrical 
window thickness 1 0Acl2). 
The TE1 2,4 modewas excited at Ucath=80 kV and lbeam=25 A. 
by changing the compression ratio from bc=29 to 25, to give 
a slightly higher beam radius, Rbeam=3.96 mm. A maximum 
outputpower of 0.35 MW and an rf-output efficiency of 18% 
was achieved which are in good agreement with theoretical 
predictions including velocity spread (self-consistent calcula-
tions). The improved quasi-optical mode converter works weil 
also for this mode and frequency. 
TE10.4 - 140 GHz-gyrotron - depressed collector 
ub = ao kV, umod = 23kV, tp<Ase = 0.5 msec, lb = 27 A 
................. 0·- ..... -· ·- ····c;:;:········ _f] 
c c 500 
c 
..... ············ 
• 
-· 
... 
Fig. 3: TE 10,4 gyrotron operation with depressed collector 
(Ucath=80 kV, lbeam=27 A). 
The present development status at KfK of high power 
gyrotrons for fusion plasma applications is summarized in Ta-
ble 2. 
Table 2: Present development status of high power mm-
wave gyrotron oscillators at KfK. 
Frequency 
[GHzl 
140.8 
132.6 
140.2 
147.4 
140.1 
154.7 
Mode 
cavlty outpul 
TE1.4 
TE19.4 
TE 11,4 
TE 10,4 
TE 12,4 
TEg.4 
TE 10,4 
TE 11,4 
TEM oo 
TEM oo 
CPD : Collector Potential Depression 
Mode Purlty Power 
1%1 [kWJ 
98 300 
98 120 
99 
94.5 
420 
690 
350 
600 
540 
350 
Efficlency Pulse Length 
[%1 [msl 
34 0.5 
26 500 
21 
28 
19 
27 12 
42(CPD) 
18 10 
2.2 1 MW TE22,6 gyrotron with radial output coupling and 
compact quasi-optical mode converter 
ln order to generate an output of 1 MW or even more at long 
pulses up to CW, modes of high er order than TE 10.4 have tobe 
used. A 1 MW TE22,6 gyrotron (pulse length 0.1 s) with radial 
outputcoupfing and compact quasi-optical mode converter is 
currently under construction at KfK [7,8). The diode-type 
magnetron injection gun for this tube was designed in col-
laboration with IAP Nizhny Novgorod and has been manufac-
tured and successfully tested using the retarding field method 
with a scaling factor of k= 10. The experimental results of rel-
ative transverse energy ttr and velocity spread öß1, as func-
tions of the scaled beam current are plotted in Fig.4 together 
with theoretical predictions. lt should be noted that the ex-
periments were performed in a superconducting magnet sys-
tem for which the gun is not optimized. 
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TE22.6 - gun (diode type): tests and calc. done at IAP 
1,0 ".-,--.----r--r-r-----,--.--.,1---.----.-.--,-1...--,".-,--.--., 50 
. -11- .... -A-e:q>. ···!·······'··+······•······~ i -o- -ß- calc. • 
0,8 1---,rl--+-'---+--t-rl---'--+--+---:-+-+-r--:--J <W 
··:::::::;:::··· 
[ -
0,6 
0,4 • i - -- , . ... ,::·· .::t: 
: i i i l~f~H-
0,21--t-1' i....,.......,._-;--.tr i-+i-+-1.'1'9". ·~=-,~::--::1. .. ~·::.-•···+--;-~-+-+-' -t--+-i 10 
! i 0~o~~~-,~o~~15~-ro~~~~~M~~~~~<W~~~~~oo0 
l,atßOkVInA 
Fig. 4: Experimental values of relative transverse energy 11:r 
and velocity spread ößtr for the TE22,6 gun (diode ty-
pe) and comparison with theoretical predictions (for 
non-optimum magnetic field). 
First experiments on rf generation with the eiectron beam of 
this MIG where also performed by KfK and IAP staff at IAP 
(Fig. 5). At a beam current of lb=40 Amorethan 0.6 MWout-
put power were generated in the TE 22,6 mode at 140.04 GHz 
, and approximately 0.76 MW in TE 23,6 at 143.77 GHz. Modes of 
the type TEm,6 with m = 20 to 26 were excited in the fre-
quency range between 132 GHz and 151 GHz. 
Some of the main design parameters for the TE22,6 mode 
gyrotron are summarized in Table 3. 
1.0 
TE21 •6 TE,,. TE,,. TE,,,, TE;,. 
I [GHz]= 136.22- 140.04 143.77-147.46 r-151.19-P""/MW 
" 
T 
{\ I \ 
I 1\ I '\ '\ 1\ I I 
'\ I \ } I ,\ t\ I 
0.5 
\V I ,, 1/ I ,......, I '\ I v\' 
• ~I \ I 
- .... " ,I~ ,~ \ 
" 
\ 
'\ ,; 
... -
. " -... 0.1 
5.3 5.4 5.5 5.6 5.7 5.8 5.9 6.0 6.1 
~B/T 
Fig. 5: Stepwise tuning of the TE22,6 gyrotron by variation 
of the magnetic induction B. Output power versus B 
in different modes with same radial, but increasing 
azimuthal index for beam currents lb = 17A (-.-.-), 
25A (----) and 40A (-) at Ucath=BO kV. 
A Denisov-type q.o. launeher forahigh order mode like TE 22,6 
utilizing a periodically perturbated, mode converting feed 
waveguide is either so long that it will be difficult to inte-
grate it into the tube or it needs tobe operated very close to 
cutoff where spurious rf oscillations may cause problems. For 
this reason here the type of feed waveguide deformations 
proposed in [9] will be used. 
Table 3: Designparameters ofthe 1 MW, 140 GHz, TE 22,6 
gyrotron with q.o. converter and depressed 
collector employing a diode-type gun with LaB6 
emitter . 
Ucath = BO kV 
lbeam = 40A 
Jcath = 3.6 A/cm• 
Bcath = 0.187 T 
Rcath = 45.2 mm 
ecath = 21.5° 
Rcav = 15.5 7 mm 
Lcav = 15 mm 
Qdlff = 1000 
a = 1.4 
Bcav = 5.5 T 
Rbeam = 7.93 mm 
2.3 1.5 MW coaxial cavity gyrotron 
Microwave sources in the 2 MW-power region are needed for 
economically attractive ECRH on future next step fusion ex-
periments like ITER and W7-X. A coaxial 1.5 MW gyrotron 
(TE28,16; 140 GHz) with inverse magnetron injection gun is un-
der development at KfK, in collaboration with the IAP, Nizhny 
Novgorod. The coaxial geometry allows measures to reduce 
mode competition in very big cavities (D/X~ 25) and also re-
düces the valtage depress!on cf the electron beam dramati-
cally (from 8 to 1 kV) which Ieads to higher efficiency. The de-
sign parameters ofthe inverse electron gun are given in Table 
4. This construction allows fixing and cooling of the inner rod 
inside the resonator. 
Table 4: Parameters ofthe inverse electron gun for a 
coaxia I cavity gyrotron. 
Ucath = 90 kV 
lbeam S 50A 
11 ~ 33% 
P"' 1.5MW 
a "' 1.3 
öv.l s 30% 
Rcav "' 29.8 mm 
Rcav!Ri "'4 
Rbeam"' 10mm 
Qdlff"' 2000 
Oohm "' 75000 
Pmax S 1.5kW/cm• 
ln a first step a short pulse gyrotron (300 f.JS) with an axial rf-
output will be built. 
A photograph of the inverse electron gun with LaB6 emitter is 
given in Fig. 6. Firstexperiments with that gun are being per-
formed at Nizhny Novgorod. 
Fig. 6: Inverse electron gun. 
--142·-
The maximum pulse length is limited by the heat Ioad capabil-
ity of the collector, which is part of the output waveguide. 
The aim of this experiment is to study mode competition and 
cavity output purity. ln a second step a radial Gaussian mode 
output using a dual-beam quasi-optical mode converter with 
two output windows will be installed, allowing a Ionger pulse 
length since a different collector will be used. 
3. Collective Thomson Scattering Diagnostics with 
Gyrotrons 
ln 1993, first mm-wave scattering experiments from thermal, 
collective electron density fluctuations in the W7-AS plasma 
were perform(ld at !PP Garehing in a col!aboraticn of !PP, !PF 
Stuttgart, IAP Nizhny Novgorod and KfK. The aim of these ex-
periments is to measure the ion temperature or, more gen-
erally, the energy distribution of the different ion species in 
the plasma. This diagnostic could ultimately be used to get in-
formation on the energy spectrum of alpha particles gener-
ated in fusion reactions. For the measurements two installa-
tions orginally envisaged for ECRH at 70 GHz and 140 GHz 
were used. KfK provided the diagnostics equipment to mea-
sure the iinewidth and the frequency drift during the 
gyrotron pulses. A notch filter with appropriatly 100 MHz 
bandwidth suppressed the stray radiation. First scattering 
spectra were measured which clearly showed that the ther-
mal part of the density fluctuations could be detected with 
sufficient resolution. Afterthese encouraging results both the 
70 and 140 GHz scattering system are being modified for bet-
ter spectral resolution. 
4. Broadband Window 
Frequency agile sources for future electron cyclotron wave 
systems demand for high-power millimeter wave windows 
with a broad transmission passband. The development of 
such windows has been continued at KfK [10,11,12,13]. Dif-
ferent techniques for anti-reflection treatment of window 
discs can be used to increase the bandwidth. Figure 7 shows 
the reflectivity as a function of frequency for an untreated 
window disk. This window has a relative bandwidth below 1 
%. With dielectric antireflection layers on both sides the 
bandwidth of this disk could be increased to more than 12% 
(Figure 8). Although the resulting three-layer window meets 
most of the bandwidth requirements it is not suitable for 
transmission of highly energetic mm-wave beams. Thus our 
present investigations concentrate on antireflection tech· 
niques which promisehigh er transmission capacities. 
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High Power Windows 
ln the ceramic window of a gyrotron for fusion power appli-
cations thermal stresses occur due to the dielectric losses. 
Thesestressesare responsible for failure and finite lifetime of 
the ceramic materials. The most important failure modes are 
for temperatures below the creep region: spontaneaus fail-
ure, subcritical crack growth under static Ioad, and cyclic fa-
tigue. These values characterise the qualification of a candi-
date material from the mechanical point of view. Data for a 
number of fusion-relevant ceramies were investigated. The 
strength of a selection of first choice materials is represented 
in fig. 9. The superiority of sapphire is evident. 
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Fig. 9: Comparison of first choice materials for HF-
windows. Weibull-representation of bending 
strengths: triangles: 99.99% Al20 3, solid circles: 
T. Fett 
AI20 3 +5%Zr02, open squares: Al 20 3 + 10%Zr02, 
open circles: AIN, solid squares: saphhire. 
The concept of a single disk sapphire window cooled with 
boiling liquid nitrogen is being pursued at KfK [1]. The disk of 
140 mm diameter and about 2 mm thickness is embedded in a 
90 mm diameter waveguide and cooled at atmospheric pres-
sure (77 K) in an annular space around the edge. The material 
used for the window is monocrystalline Al 203 (sapphire). 
The main topics for investigations are: 
Design calculations, 
Heat transfer experiments for verification of the calcul-
ations, and 
Ca Iorimeter experiments for loss factor evaluation and 
for the study of technical problemssuch as fog forma-
tion and freezing in an open system. 
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Ti doped Sapphire, Tc= 77.35 K ILN:!I 
best value of thermal conductivity 
given by Touloukian (highest purity) 
tan~= 3.15E-12*f(GHzi/140*T3 ·3 (K) [3] !lt., 
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Earlier design calculations done with the lass factor 
tan ö=3.15X 10-12X'f3.3 (at 140 GHZ) as determined for Iaser 3.5 .-----,-----,------------, 
grade (Ti-doped) material, yield continous wave transmission 
capabilities of 500 kW for a Gaussian mode beam, 700 kW for 
a flattened profile, and 1 MW for an annular power distribu-
tion [2,3]. ln the meantime further parameter studies have 
been performed for higher frequencies and for lower tem-
peratures [4]. The dependence of the transmission power on 
frequency is shown in Figure 10. An increase in frequency 
from 140 GHz to e.g. 170 GHz (ITER performance) causes a 
lass in transmissionpower of about 16%; at 220 GHz the lass 
would amountto 37%. 
c 
:i 1.0 
i 
liquid Neon ( 27.15 K) 
Ti-doped Sapphire, Gaussian Profile, 140 GHz 
Liquid Nitrogen ( 77.35 K ) 
Transmission of 1 MW, cw millimeter waves through a circu- t 
lar, single disk sapphire window with Gaussian field distribu-
.... 0.5 F-~~~---+--iiiiiiiii~--;;;;;;;--j 
tion at 140 GHz and at higher frequencies with even more so-
phisticated field distributions require cooling temperatures 
below 77 K (LN2). Lowering the operational temperature to 
about 30 K (the boiling temperature of Neon) is expected to 
increase the capability of such windows by a factor of about 
5. Respective calculations as shown in Figure 11 have been 
done for relatively low grade material (Hemex grade sap-
phire). Further improvement is expected for Iaser grade sap-
phire. 
ln order to extend our future investigation in this tempera-
ture range, we have made available a cryorefrigerator with 
ab out 150 W of cooling power at 30 K. 
ln any case, operational temperatures below 77 K will have 
the very stringent implementation that such window will 
have tobe operated in an evacuated wave guide. ln order to 
avoid such complications for near future experiments, efforts 
are made for designing LN2 cooled high power windows tobe 
used in open wave guides. 
0 
0 2 3 
--
Window Thickness [mm] 
Fig. 11: Transmitted power as a function of disk thickness 
for LN2 and LNe cooling 
4 
For verification of the design calculations various heat trans-
fer experiments were carried out with an electrically heated 
copper simulator and an original sapphire window. The main 
results of these experiments are: 
The chosen experimental device has proved excellent 
and the concept of the edge-cooled single-disk win-
dow in liquid nitrogen at atmospheric pressure is fea-
sible. 
The computer code used has proved reliable in calcula-
tion the temperature distribution in the window. The 
experiments with an electrically heated copper disk 
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Fig. 12: Test equipment for high power transmission (140 GHz) through a LN 2 cooled sapphire window at open atmosphere 
showed a very good agreement of the measured with 
the calcu lated temperature d istribution. 
The discrepancies in the tests with the sapphire disk 
have the reason that the thermal conductivity of the 
material used is not of best quality as assumed. 
By atmospheric evaporative cooling 1300 W can be re-
moved from the edge of the window. Thus, it is not the 
heat removal at the edge which Iimits the transmit-
tance power of the window, but the radial conduction 
of heat in the disk which already at 150 to 300 W Ieads 
tothermal runaway. 
Another series of experiments were performed with a liquid 
nitrogen cooled sapphire disk operated in the pulsed beam of 
a Russian high-power gyrotron at Garching. The test facility 
acts as a calorimeter such that the energy absorbed du ring a 
shot is obtained from measurements of the temperature in-
crease after the shot. Such experiments also allow to study 
the problems (e.g. mist in the wave guide and frost at the 
window) of high power transmission through normal atmo-
sphere attemperatures between 80 K and 300 K. 
The experimental set-up is shown in Fig. 12. The window is 
embedded in an insulated Cu box cooled by LN 2 flow. Mount-
ed on a pneumatica lly actuated slide, the window is moved to 
in-beam position du ring the pulsed gyrotron operation. After 
the shot, it is moved into the "calorimeter position" where 
the increase of temperature is detected by sixthin film sen-
sors pressed with magnetic actuators to different positions of 
the window. The absorbed energy is mainly derived from the 
steady state temperature stabilizing within about two sec-
onds. Two gate valves closing the beam channel when the 
window is in the calorimeter position serve to prevent exces-
sive convection of cold gas. The sequence of all actuators is 
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controlled electronically and it can be triggered by the 
gyrotron. 
During the first experiment series in December 1993 140 GHz 
gyrotrons pulses with power ranging up to 500 kW and 500 
ms pulse length could be transmitted. Langer pulses caused 
electric arcing or breakdown. There are some indications that 
this might be caused by fog formation and icing within the 
waveguides, which starts du ring extended operation at 80 K. 
The temperature increase of the window was in the range of 
3 K. This is less than expected. Experiments with improved gas 
flow to get less condensation of maisture are going on. 
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Appendix 1: Allocation ofTasks 
Task 
No. 
Title 
Plasma Facing Components and Plasma Engineering 
PPM 1 
PPM3 
PPM4 
PPM6 
POT 1 
Characterization of Graphitesand CFCs 
Numerical simulation of Off-normal Plasma Materialinteraction 
Ceramies for Heating and Current Drive Systems 
Erosion, H-Retention, Gas Interaction 
First Wall Mock-ups and Tests 
Superconducting Magnets 
MCOI 
MCON 
MTOS 
MBAC 
Modei Coii 
Fuii-Size 40 kA Conductor 
TOSKA Upgrade for Model Coil Testing 
High Field Operation of Nb Ti at 1.8 K 
Vacuum and Fuel Cycle 
TPV2 Optimization of Cryogenic Vacuum Pumping of Plasma Exhaust 
TEP2 Permeation und Catalytic Cracking 
TEP3 Tritium Storage and Transportation 
TRIT-1 Tritium Supply and Management: Calorimetric Measurements 
Nuclear Engineering I Basic Blanket 
NDB1 Neutranies Data Base 
T16 Preparation of Neutranies Experimentsand Measuring Technologies 
Remote Handling I Maintenance 
RHB 1 
RHT1 
T43 
RH Common Subsystems 
Articulated Boom Transporter 
Remote Pipe Welding and Cutting {form er task RST 2) 
FZK Departments 
IMF I, HVT/HZ 
INR 
lMFl 
INR, IRCH 
IATF, IMF II 
ITn 11r 
ITP 
ITP, HIT, HVT-EA, HPE 
ITP, HIT, HPE 
HIT, ITP 
IRCH 
IRCH 
HIT, HVT, IRCH 
INR, TU Dresden 
INR 
lAI 
HIT, HVT, lAI, IRS 
HIT 
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Safety and Environment 
SEA3 
SEP 2 
Analysis of Reference Accident Sequences 
Environmentallmpact of Tritium and Activation Products 
Long Term Program for Materials Development 
LAM2 
LAM3 
MANET 1.1 
MANET 2.3 
MANET 3.2 
MANET3.4 
MAT5 
Nuclear Data Base for Low Activation Materials Development 
Development of Low Activation Martensitic Steel 
Characterization and Optimization of MANET-11-Steel 
Diffusion Welding 
Pre- and Post-Irradiation Fatigue Properties of MANET Steel 
Pre- and Post-Irradiation Fracture Toughness 
lon-Beam Irradiation Fatigue and Creep Fatigue Tests 
Test BI anket Development 
BS- Solid BreederTest Blankets 
BS DE-O 1 
BS BE-0 1 
BS BR-0 1/D 2 
BS BR-0 3 
BS BR-0 4 
BS BR-0 8 
BS NN-0 1 
BS NN-0 2 
BS NN-0 3 
Solid Breeder Test BI anket Design 
Beryllium 
Preparation and Characterization of Ceramic Breeder Materials 
Irradiation Testing and Post Irradiation Examination 
Tritium Release 
Characterization of Lithium Orthosilicate: Adsorption of water 
Helium BlanketTest Loop 
Non Nuclear Tests 
Tritium Extraction from a Solid Breeder DEMO Blanket 
BL- Liquid Meta! Test Blankets 
BL DE-O 1 
BL PC-0 2 
BL EI-D 1 
BLMH-0 1 
BL SA-0 1 
BLSA-0 2 
Liquid Meta! Test Blanket Design 
Active and lnactive lmpurities and Clean-up of Molten Pb-17Li 
Electricallnsulation and Coatings 
Liquid Meta! MHD 
Reliability Assessment 
Safety Analysis of Self-cooled LM Breeder Blankets 
Development of ECRH Power Sources 
IRS 
INR 
IMFI 
IMFI,IMFII 
IMFI,IMFII 
IMFIII 
IMFII 
IMF II, HVT/HZ 
IMFI 
IMFIII, INR 
INR 
IMFI 
IMF I, IMF 111, HVT/HZ 
INR, HVT/HZ 
IRCH 
IMFIII,INR 
IMFIII,INR 
HIT, IRCH 
IMF II, IMFIII, INR, IATF, IRS 
HIT 
IMF I, IMF 111, IRS 
IATF 
IRS 
IRS 
ITP, IMF II, IMF 111 
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Appendix II: Table of ITER I NET Contracts 
Theme Contract No. Working Period 
I~ vs. Strain Test on Nb3Sn Strands ERB 5000 CT 930036 NET 10/93-9/94 
lnvestigation of Cryo-Cascade-Concept for ITER and ERB 5000 CT 930041 N ET 11/93-6/94 
Definition ofTest Requirements 
ITER Coil and Model Coil Design and Analysis ERB 5000 CT 930046 NET 11/93-6/94 
Quench Analysis for Magnet Safety Assessment ERB 5000 CT 940027 NET 9/94-5/95 
ITER Shielding Analysis ERB 5000 CT 940039 NET 9/94-8/95 
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Appendix 111: FZK Departments Contributing to the Fusion Project 
FZK Department 
InstituteforMaterials 
Research 
Institute for Neutron Physics 
and Reactor Engineering 
Institute for Applied Thermo-
and Fluiddynamic 
Institute for Radiochemistry 
Institute for Reactor 
Safety 
Central Engineering 
Department 
Institute forTechnical 
Physics 
Centra I Experimental 
Engineering Department 
- HotCells 
-Tritium Laboratory Karlsruhe 
Remote Handling 
Labaratory 
Central Safety 
Department 
Institute for Applied 
lnformatics 
Institute for Nuclear and 
Atomic Physics of the 
Technical University 
Dresden 
FZK Institut/ Abteilung 
Institut für Material- und 
Festkörperforschung (IMF) 
Institut für Neutronenphysik 
und Reaktortechnik (INR) 
Institut für Angewandte Thermo-
und Fluiddynamik (IATF) 
Institut für Radiochemie (IRCH) 
Institut für Reaktor-
Sicherheit (IRS) 
Hauptabteilung Ingenieur-
technik (HIT) 
Institut für Technische 
Physik (ITP) 
Hauptabteilung Versuchstechnik 
(HVT) 
-Heiße Zellen (HVT-HZ) 
- Tritiumlabor Karlsruhe (TLK) 
Handhabungstechnik-
Labor (HT) 
Hauptabteilung 
Sicherheit (HS) 
Institut für Angewandte 
Informatik (lAI) 
Director Ext. 
I. Prof. Dr.K.-H. Zum Gahr 3897 
II. Prof. Dr. D. Munz 4815 
111. Dr. J. Haußelt 2518 
Prof. Dr. G. Keßler 2440 
Prof. Dr. U. Müller 3450 
Prof. Dr. H.J. Ache 3200 
Prof. Dr. D. Cacuci 2550 
Dr. H. Rininsland 3000 
Prof. Dr. P. Komarek 3500 
Dr. Schubert 3114 
Dl. Enderlein 3650 
Dr. R.D. Penzhorn 3239 
Dr. Scholl 2942 
DP. W. Koelzer 2660 
Prof. Dr. H. Trauboth 5700 
Prof. Dr. K. Seidel 035101/8982 
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Appendix IV: Fusion Project Management Staff 
Head of the Research Unit Dr. J. E. Vetter 
Secretariate: Fr. I. Siekinger 
Fr. I. Pleli 
Fr. V. Lallemand 
Project Budgets, Administration, 
Documentation BWG. Kast 
Studies, ITER I NET Contacts Dr. J.E. Vetter 
Superconducting Magnets, 
Gyrotron Development Dl H. Knuth 
Tritium Technology 
Structural Materials Dr. H.D. Röhrig 
Blanket Technology, 
Remote Handling Dl A. Fiege 
Address: Forschungszentrum Karlsruhe GmbH 
Nuclear Fusion Project Management 
ext. 5460 
ext. 5461 
ext. 5466 
ext. 5466 
ext. 5462 
ext. 5460 
ext. 5468 
ext. 5463 
ext. 5465 
Telephone No: 
Post Office Box 3640, D-76021 Karlsruhe I Germany 
07247-82- Extensions .... 
Telefax No: 
Telex No: 
07247 - 82 - 5467 
17 724 716 
